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A transfer printing method was developed to transfer carbon nanotubes (CNTs) from 
polyethylene terephthalate (PET) film to poly(dimethyl siloxane) (PDMS) polymer. Carbon 
nanotubes are composed of carbon atoms arranged in a honeycomb lattice structure, which are 
electrically conducting. When embedded in a nonconducting polymer, carbon nanotubes impart 
electrical conductivity to the nanocomposite, thus forming a nanocomposite that has potential 
applications in highly sensitive strain and pressure sensors. Several printing methods have been 
studied to deposit carbon nanotubes onto PDMS, including inkjet printing. Inkjet printing is a 
desirable deposition method since it is low-cost, simple, and allows the processing of aqueous-
based inks. However, directly inkjet printing carbon nanotubes onto PDMS has been a challenge 
because the printed film becomes non-uniform due to the uneven drying of the droplets. 
Therefore, a method of transfer printing was developed to embed carbon nanotubes uniformly in 
PDMS. 
The transfer printing method consists of first inkjet printing patterns of carbon nanotubes onto a 
PET film, which quickly absorbs the aqueous ink and allows uniformity of the printed carbon 
nanotube patterns. The next step is spin-coating PDMS on the PET film to cover the carbon 
nanotube patterns, followed by curing the PDMS. The following step is thermally treating the 
PET film to promote the transfer of carbon nanotubes to PDMS, and finally peeling off PDMS 
from PET film to complete the transfer of carbon nanotube patterns. The transferred patterns had 
widths as small as 125 µm, while the obtained PDMS thickness was as low as 27.1 µm, which 
enabled the fabrication of highly sensitive force and pressure sensors. 
The transfer printing method was employed to fabricate a two-dimensional force sensor, which 
was composed of lines of carbon nanotubes in the x and y directions. The transduction 
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mechanism lies in the generation of strain on the carbon nanotube pattern. When strain is 
produced, the resistance of the pattern changes due to the increase or decrease of the number of 
conduction paths in the carbon nanotube pattern. The practical application as a two-dimensional 
sensor was shown by monitoring the touch force exerted by multiple objects on the sensor. 
Due to the flexibility and stretchability of PDMS, fabricated air pressure sensors were capable of 
detecting small pressure differences. The sensors were composed of a circular diaphragm 
containing inkjet-printed carbon nanotube patterns. When air pressure increased on one side of 
the diaphragm, the deflection caused a strain on the CNT line, thus changing its resistance. 
Pressure sensors with a diaphragm diameter of five millimeters, diaphragm thickness of 27.1 µm 
showed sensitivity of 10.99 percent change in resistance per kilopascal (%/kPa) and limit of 
detection of 3.1 Pa. The pressure sensor has potential applications in monitoring minute air 
pressure differences such as those generated by the breathing pattern. The application of the 
highly sensitive and biocompatible pressure sensor was shown through the measurement of the 
pressure generated by a 3D-printed respiratory system.
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CHAPTER 1. INTRODUCTION 
1.1. Motivation 
The development of flexible sensors has dramatically been benefited from novel fabrication 
methods in recent years. A critical step in the fabrication of flexible sensors is the deposition of 
nanomaterials that bring functionality to the sensor. For example, depositing electrically 
conductive nanomaterials onto polymers produces a conductive nanocomposite which has the 
characteristic of changing the resistance when a given stimulus is applied, such as strain. One of 
the methods employed to deposit nanomaterials is inkjet printing, which is a simple and cost-
effective method for printing aqueous-based inks. However, the direct inkjet printing of aqueous-
based inks onto polymers such as poly(dimethyl siloxane) (PDMS) creates patterns that are non-
uniform due to the irregular wetting and evaporation of droplets. Therefore, the main focus of 
this work is the development of a transfer printing method that produces electrically conductive 
and uniformly distributed carbon nanotubes on the polymer PDMS. 
Several deposition methods have been developed to print nanomaterials onto substrates. For 
example, in spray coating, a nanomaterial dispersion is directly sprayed on the substrate to form 
large area and low resistivity conducting films. However, functional devices require patterned 
conductive areas, such that additional patterning steps increase the complexity of spray coating. 
Along with patterning ability, the requirements for deposition methods include simplicity and 
cost-effectiveness. Inkjet printing is a method of deposition of nanomaterials that is both simple 
and cost-effective, allowing patterning of the nanomaterial while printing. Additionally, it is 
especially suited to print aqueous dispersions of nanomaterials. Therefore, by employing inkjet 
printing of carbon nanotubes to fabricate conductive films onto PDMS, it is possible to achieve a 




Flexible sensors are especially suited for the measurement of signals related to the human body, 
such as strain, pressure, and touch sensors. In the fabrication of flexible sensors, polymers are 
used as the structural element because of their flexibility, stretchability, and biocompatibility. 
The main advantage is their low elastic modulus, compared to plastics or silicon (Table 1). The 
low modulus allows a much higher response to the stimulus, that is, polymers deform more than 
rigid materials, and this effect translates into higher sensitivity of the sensor. Another advantage 
is the processability of polymers through simple mixing of base monomers with a curing agent 
and subsequent polymerization. By depositing carbon nanotubes, it is possible to make 
conductive nanocomposites in which carbon nanotubes are supported by the polymer matrix, 
allowing high strains to be achieved. Besides, PDMS is biocompatible, allowing its use in 
diverse applications such as wearable sensors, cell culturing in microchannels, and many others. 
Table 1. Comparison of mechanical properties of selected materials used in MEMS/flexible 
sensors. 
Material Elastic Modulus Poisson’s Ratio Ref. 
Polycrystalline silicon 165 GPa 0.22 [1] 
Polymide (Kapton® Type 100 HN Film) 3.2 GPa 0.34 [2] 
Parylene-C 2.76 PGa 0.4 [3] 
PDMS (Sylgard 184) 1.32–2.97 MPa1 0.49 [4] 
PDMS: poly(dimethyl siloxane) 
1Curing temperature range: 25 °C to 200 °C. 
1.2. Objectives 
The main objective is to develop the technique composed of inkjet printing carbon nanotube 
patterns onto polyethylene terephthalate (PET) film and subsequently transferring those patterns 
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to PDMS. Particular issues that were addressed are the improvement of the variability of the 
process and the ability to peel off thin films (~30 μm) of PDMS from PET. By using this 
method, a range of sensors was fabricated and characterized, such as force sensors and pressure 
sensors. Moreover, the sensors can be used in applications such as breathing monitors and 
flexible biochemical sensors. Specific objectives of this work are presented in the next 
subsections. 
1.2.1. Preparation of Inkjet Printing 
To realize the inkjet printing of carbon nanotubes, the cartridge needs to be adapted to receive a 
carbon nanotube ink. Here a commercial cartridge is adapted to receive a carbon nanotube ink. 
The commercial office inkjet printer contains a cartridge with a high number of nozzles (one 
hundred and twenty nozzles) that is best suited for printing large areas of carbon nanotubes. On 
the other hand, cartridges designed for point-of-sale printing only contain a small number of 
nozzles (eight nozzles), which can be individually controlled. By individually controlling the 
nozzles and the cartridge position, patterns with improved resolution can be achieved. Therefore, 
both approaches can be employed to print carbon nanotubes onto flexible substrates. Many 
physical factors play a role while printing, such as the propensity of the ink to drip after inserted 
into the cartridge, optimization of the printing resolution, printing speed vs. coalition of droplets, 
etc. Such factors are characterized and optimized for the printing of conductive patterns of 
carbon nanotubes. 
1.2.2. Transfer Printing of CNT Patterns 
Inkjet printing is used to define micrometer-resolution patterns onto PET film. The next step is to 
transfer those patterns to PDMS. By using this method, the difficulties of printing directly to 
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PDMS are overcome, such as the coalescence of droplets, the coffee ring effect, and the non-
uniform printing. Compared to other methods in the literature, this method is simpler, allows 
control of the quantity of CNTs deposited and control of the pattern resolution. Specifically, 
improvement of the sheet resistance of the patterns on PDMS and reduction of the variability are 
important issues to be addressed. 
1.2.3. Fabrication of Sensors with the Transfer Printing Technique 
The transfer printing technique described here allows patterning of carbon nanotubes on PDMS 
to be realized. Since direct inkjet printing of aqueous inks on PDMS generates irregularities on 
the printed pattern, the ink is first printed onto PET film and then transferred to PDMS. With this 
technique, two-dimensional force sensors can be fabricated, air pressure sensors, humidity 
sensors, electrochemical sensors, etc. 
The PDMS polymer offers low resistance to deformation induced by air pressure. This 
characteristic enables the fabrication of pressure sensors that detect lower than 10 Pa of 
differential pressure change. Also, by integrating lines of carbon nanotubes in a two-dimensional 
grid, it is possible to develop two-dimensional force sensors with greater sensitivity than those 
found in the literature. 
1.3. Dissertation Outline 
The chapters of this dissertation are organized in the following manner: Chapter 1 introduces the 
motivation of this work, the objectives, and the dissertation outline. Chapter 2 contains the 
literature review of composite elastomer for sensing applications and its fabrication methods. 
Chapter 3 develops the transfer printing of carbon nanotubes to PDMS. Chapter 4 presents the 
two-dimensional force sensing using the transfer printing technique. Chapter 5 presents the air 
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pressure sensor fabricated using this technology. Chapter 6 presents a preliminary investigation 
of a sleep apnea sensor, and finally, Chapter 7 contains the conclusions and future work.  
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CHAPTER 2. LITERATURE REVIEW 
2.1. Introduction 
Flexibility is one of the requirements for wearable sensors, allowing the sensor to conform to 
body movements. The ability to stretch is of another importance for sensor-skin interaction. For 
example, the bending of fingers generates simultaneous flexure and stretching. Along with the 
choice of materials, patterning techniques affect the performance parameters of the sensors. For 
flexible sensors measuring pressure and motion, two approaches are used to achieve high 
sensitivity: (1) choosing a substrate with low Young’s modulus such as polymer to provide 
higher deformations and (2) creating microstructures during fabrication which substantially 
improve the response of the sensor. The second approach includes microstructures such as 
pyramids [5], domes [6], and other rough surface morphologies [7], [8]. It is through a rational 
choice of materials and fabrication techniques that sensors can be tailored for a specific 
application. 
The ability of a process to fabricate three-dimensional (3D) structures and form functional 
materials expands the list of available techniques beyond established silicon processes. Novel 
sensors require the integration of different functional materials such as structural elements, 
conductors, and biochemical components. Those materials are integrated in a variety of ways, 
including deposition, coating, assembly, printing, etc., which exemplifies the diversity of 
processes used in sensor fabrication. 
Flexible sensors are especially suited for novel applications in healthcare, which are represented 
 
This chapter was previously published as T. H. da Costa and J.-W. Choi, “Fabrication and Patterning Methods of 
Flexible Sensors Using Carbon Nanomaterials on Polymers,” Advanced Intelligent Systems, vol. 2, art. 1900179, 




by non-invasive, measurement and real-time monitoring of biophysical [9] and biochemical [10], 
[11] signals from the human body, such as wrist pulse monitoring [12], strain measurement [13], 
humidity measurement [14], vibration detection [15], touch [16] and pressure [17] measurement, 
electrochemical detection [18], body temperature measurement [19], and many others. Many of 
the sensors can be applied for diagnosing diseases, monitoring a person’s health, predicting 
cardiac events, and assisting in everyday tasks by providing signal feedback to actuators. 
Flexible sensors have promising applications in the next generation of healthcare technology. 
2.2. Materials for Flexible Sensors 
Mainly due to advances in semiconductor processing technologies, deposition and patterning of 
metals have achieved considerable progress in rigid substrates. However, functional sensors that 
employ large deformations present incompatibilities with surface-coated metal films. For 
example, microcracks and discontinuities are formed due to the difference in Young’s modulus 
of metal and substrate. Besides, the high cost and complexity of semiconductor processes pose a 
challenge in developing novel flexible sensors. Research efforts have been directed to leverage 
the properties of nanomaterials while preserving the functionality and performance of the 
sensors, and the electrical conductivity of carbon nanomaterials make them especially useful in 
the development of conductors, active layers, and transduction elements in flexible sensors. 
Among the emerging types of carbon nanomaterials are carbon nanotubes, graphene and its 
derivatives, and carbon black. Carbon nanotubes (CNTs) are carbon atoms arranged in a 
cylindrical configuration where the diameter reaches up to 100 nm, and the length is of the order 
of micrometers [20]. Carbon nanotubes are excellent electrical conductors, with intrinsic 
conductivities up to 106 S/cm [21]. This property is employed in the fabrication of conductive 
films and electrodes. However, the conductivity of a printed CNT film significantly decreases 
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from the intrinsic conductivity due to contact resistance, especially if the carbon nanotubes are 
not uniformly printed or form bundles [22]. A nanotube formed by a single layer of arranged 
carbon atoms is regarded as a single-walled carbon nanotube (SWCNT), while for multiple 
layers, it is regarded as a multi-walled carbon nanotube (MWCNT). The Young’s modulus (E) of 
individual carbon nanotubes has been measured to be 1,054 GPa for SWCNT and 1,200 GPa for 
MWCNT [23]. Carbon nanotubes have been applied to a variety of sensors in 
microelectromechanical systems (MEMS) [24], chemical sensors [25], and many others [26]. 
Graphene is a single layer of carbon atoms that possesses outstanding mechanical, electrical, and 
chemical properties such as Young’s modulus of 1.1 TPa, high carrier mobility [27], and rich 
chemistry [28]. Derivatives of graphene include graphene oxide (GO) and reduced graphene 
oxide (rGO), which are often preferred due to easier handling than pristine graphene and 
possessing more chemical interactions by attached functional groups. Due to the one-
dimensional and two-dimensional nature of the described carbon nanomaterials, the majority of 
the carbon atoms are surface atoms, which are highly affected by conditions of the environment 
[29]. This property is used in chemical, gas, and humidity sensors where a higher surface area 
endows a higher sensitivity to the sensor. 
Poly(dimethyl siloxane) (PDMS) is a versatile polymer material specially suited for flexible 
sensors since it has low Young’s modulus and stretchability and can be easily processed by 
casting or spin coating. The use of PDMS in soft lithography has allowed a significant number of 
achievements, especially for the fabrication of microfluidic channels. For example, having a 
previously fabricated mold, PDMS can be cast and cured with the shape of the mold, thus 
replicating the features. PDMS can be itself a stamp, and features can be transferred to another 
substrate [30]. However, only structural assemblies are not enough to achieve functional physical 
9 
 
and chemical sensors: it is necessary to deposit additional materials on PDMS to act as 
transduction elements. Therefore, the methods reviewed in the next section have been developed 
with the aim of printing and embedding carbon nanotubes in PDMS. 
2.3. Processing of Carbon Nanomaterials for Flexible Sensors 
Due to the electrical properties of carbon nanomaterials and the need to fabricate functional 
composites which are responsive to strain, several methods have been developed to embed 
carbon nanotubes in PDMS, such as in situ polymerization [31], mixing PDMS prepolymer and 
curing agent to CNT dispersion through solvents [32], mixing and grinding [33], screen printing 
[34], vacuum filtration [35], etc. In this section, each method is reviewed and analyzed with 
regard to its advantages and drawbacks. Table 2 summarizes material deposition methods on 
PDMS for the fabrication of flexible sensors. 
Table 2. Methods for material deposition on PDMS. 
Name of the 
method 






Vacuum filtration followed by 






Transfer CVD-grown SWCNT 
from a silicon wafer to a flexible 




265 Ω/sq [37] 
Microcontact 
Printing 









Name of the 
method 







MWCNT and PDMS were 
separately dissolved in toluene 




16.6 Ω∙cm [39] 




328 Ω/sq [40] 
Direct mixing Carbon black nanopowder was 
mixed in PDMS and cast onto a 
patterned glass mold. Carbon 
nanotubes were mixed with 
PDMS in a planetary mixer and 
cast onto an acrylic mold. 
MWCNT on 
PDMS. 





exfoliated, dispersed into hexane, 
mixed with PDMS base, and then 




2.5 Ω∙cm [43] 




100 Ω∙cm [34] 
Inkjet printing Inkjet-print aqueous solution of 
carbon nanotubes on PET film 
and transfer the material to 








Name of the 
method 









Carboxylated CNTs were 
dispersed in solution, and a gold-






Drop-casting Drop-casting carbon nanocoils on 







N.A.: Not available 
2.3.1. Filtration 
Filtration of carbon nanomaterials can be employed for the formation of highly uniform films. A 
porous membrane is used to filtrate the carbon material, while positive or negative pressure is 
applied to control the flow of the solvent through the membrane. Carbon nanotubes that are 
dispersed in aqueous solution can be filtrated to produce a highly conductive film [47]. A 
potentially large area film can be fabricated (> cm2) if the membrane is left in its pristine form. 
Alternatively, selective areas can be patterned on the membrane using photolithography, such 
that carbon nanotubes preferentially deposit on the patterned areas. Furthermore, the thickness of 
the film is controlled by the nanotube concentration and volume of ink used during filtration 
[48]. Transfer of the film to a receiving substrate is required, along with post-patterning of the 
film. Transfer of the film can be accomplished either by dissolving the membrane, directly 
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pouring PDMS on the film with subsequent curing [36], [49], or using a PDMS stamp to transfer 
carbon nanotubes from the membrane to a final substrate [48]. Filtration has shown potential for 
large area, high conductivity patterns of carbon nanotubes, but the use of photolithography 
hinders low-cost fabrication of devices. 
2.3.2. Transfer Printing Techniques 
Transfer printing techniques comprise printing materials on a source substrate and transferring 
them with the use of a polymeric stamp. A molded stamp transfers only selected areas of the 
printed patterns, thereby serving as a patterning template. Alternatively, photolithography steps 
may be employed for patterning the required areas. The method can be used to pattern carbon 
nanotubes on a variety of substrates, such as polyethylene terephthalate (PET), poly(methyl 
methacrylate) (PMMA), glass, and silicon. It relies on the adhesion of carbon nanotubes to the 
surface of the receiving material. Materials with higher surface energy can receive carbon 
nanotubes just by contact [50]. Transfer printing is employed for transferring carbon nanotubes 
grown by chemical vapor deposition (CVD) on a silicon wafer (SiO2/Si) to a flexible substrate. 
To this end, Cao et al. [37] transfer-printed single-walled carbon nanotubes from a silicon 
substrate to a PET film with the help of an elastomeric stamp of PDMS. Highly uniform 
SWCNT films were obtained with a low sheet resistance of 265 Ω/sq. Several photolithography 
steps were required to pattern SWCNT films onto the flexible substrate. In addition to 
transferring carbon nanotubes that are directly grown from CVD, transfer printing can be 
employed to transfer carbon nanotubes that are solution-processed. Hu et al. [51] filtrated single-
walled carbon nanotubes and used a PDMS stamp to transfer the patterns to a PET film. They 
were able to achieve 50 µm of resolution using PDMS stamps and sheet resistance of 150 Ω/sq. 
In a modified transfer method by Lee et al. [52], a patterned film of SWCNT was embedded in 
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PDMS. First, a porous membrane of anodic aluminum oxide (AAO) was used to filtrate 
SWCNT. Then the membrane was dissolved in sodium hydroxide while the SWCNT film 
remained floating in the water. Subsequently, SWCNTs were transferred to a gold-coated silicon 
wafer by direct contact, and various patterns were defined with photolithography techniques. To 
embed SWCNTs in PDMS, the PDMS pre-polymer was poured onto the patterns, cured, and 
peeled off from the silicon substrate. Finally, the gold layer was etched away, exposing the 
SWCNT film. In this modified method, the patterned film of SWCNT embedded in PDMS was 
used as piezoresistors in the fabrication of pressure sensors. 
Other methods of depositing solution-processed carbon nanotubes with subsequent transfer have 
been developed, such as streaming a CNT solution onto a substrate [53] and electrophoretic 
deposition of CNTs [45]. Meitl et al. [53] employed a method that consisted of streaming a 
solution of SWCNTs with sodium dodecyl sulfate (SDS) and another solution of methanol onto a 
rotating substrate. The methanol removes SDS from the solution, and the carbon nanotubes 
spread over the rotating substrate without agglomerating. A PDMS stamp was contacted 
afterward to transfer CNTs to a final substrate. Good uniformity was achieved on the first 
substrate. However, the films transferred to the final substrate presented poor uniformity. 
Moreover, the thickness of the film was not controllable. Xu et al. [45] obtained micropatterned 
CNTs on PDMS using electrophoretic deposition and subsequent transfer to PDMS. Carbon 
nanotubes were carboxylated in acid to improve water dispersibility. Silicon containing the 
desired microstructures and a gold seed layer were immersed into CNT solution and electrically 
energized. The negatively charged CNTs preferentially migrated and precipitated onto the gold 
seeds. The thickness of the CNT layer was determined by the duration of the experiment. PDMS 
was poured onto the sample and peeled off with CNTs attached to it. Although micropatterning 
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was achieved, fabrication of the mold and deposition of the gold layer still required the use of 
standard lithographic methods, which would add cost and complexity. In addition, control over 
the deposition of CNTs was only achieved where gold was deposited. 
Therefore, the transfer printing technique requires either pre- or post-photolithography steps to 
obtain patterned films of carbon nanotubes. In addition, due to the contact between the stamp and 
carbon nanotubes, only the surface nanotubes can be transferred, limiting control of the final 
thickness of the film. 
2.3.3. Microcontact Printing 
Microcontact printing (µCP) is a particular case of transfer printing. In microcontact printing, a 
PDMS stamp selectively contacts a composite ink and transfers the patterns to the desired 
substrate [54]. In contrast, transfer printing is the general term that applies for a variety of 
processes, having the characteristics of additive transfer, subtractive transfer, or deterministic 
assembly of materials [30]. Patterning carbon nanotube/PDMS composites in which the carbon 
nanotube film is embedded into PDMS has been developed through microcontact printing. Liu 
and Choi [39] mixed multi-walled carbon nanotubes (MWCNTs) with PDMS to form a 
composite ink, which was then spun on a silicon wafer. A micromachined PMMA stamp was 
used to selectively contact the ink and transfer the patterns to a final PDMS substrate. Curing and 
subsequent coating with a PDMS layer formed an all-elastomer strain sensor [39]. This method 
produced patterns of randomly oriented carbon nanotubes embedded in PDMS. To produce 
vertically aligned carbon nanotubes on PDMS, Kim et al. [38] used CVD to grow vertically 
aligned CNTs on a silicon wafer. With nanoimprint equipment, they transferred CNTs to a cured 
layer of PDMS by simply contacting the vertically aligned CNTs to the PDMS substrate. 
Although CNTs were successfully transferred, the height of CNTs shrunk from 400 µm to 60 µm 
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due to the necessary pressure applied during contact. While their objective was to obtain 
vertically aligned CNTs, it was not possible to pattern CNTs with this method. 
2.3.4. Spray Coating 
Spray coating of carbon nanotube dispersions has been developed to form large area, low 
resistivity CNT films. A solution of dispersed nanomaterials is loaded into a spray gun and 
directly sprayed onto the receiving substrate. Both organic and aqueous solutions have been 
employed as the solvent, but due to the slow evaporation rate of aqueous solutions, non-uniform 
areas may occur. Moreover, the spray coating of multi-walled carbon nanotubes on PDMS 
obtained lower resistivity than graphene and reduced graphene oxide sprayed with similar 
conditions [55]. Lipomi et al. [40] directly sprayed an organic solution of SWCNTs onto PDMS, 
which was used to fabricate capacitive pressure sensors. Kim and Yun [56] patterned carbon 
nanotubes on PDMS with the assistance of spray coating and transfer printing. First, a 
photoresist layer was spun on a silicon substrate and selectively cured using photolithography 
methods. CNT was then sprayed on the photoresist layer. When the photoresist was developed, 
patterns of CNT remained on top of the exposed photoresist. A semi-cured PDMS layer was 
attached to the CNT film and then fully cured. Lastly, the PDMS layer was peeled off. This 
method provided sheet resistance of 96 Ω/sq for PDMS and 45 Ω/sq on photoresist when coated 
seven times, which was comparable to that of indium tin oxide (ITO) films (60-90 Ω/sq). Spray 
coating can be employed when the nanomaterials are in the form of an ink (organic or aqueous), 
it allows the formation of films with large area and low resistivity but relies heavily on 




2.3.5. Bulk Mixing 
Mixing carbon nanotubes and PDMS has been performed directly and indirectly. In the direct 
method, a planetary centrifugal mixer was used to mix MWCNT with PDMS. A planetary 
centrifugal mixer rotates the viscous mixture in both directions, thus enabling mixing, 
deaeration, and dispersion simultaneously. Although no dispersion quality was provided, the 
MWCNT-PDMS composite with 7 wt% of MWCNT achieved a resistivity of ~1 Ω∙cm [42]. The 
viscous composite was cast onto acrylic grooves formed by micro-milling and then partially 
cured. Then, another PDMS layer was cast on top of the MWCNT-PDMS composite, and the 
layers were fully cured. Finally, the cured PDMS having conductive tracks was peeled off from 
acrylic to form tactile sensors. 
In the indirect method, carbon nanotubes and PDMS are separately dispersed in a common 
solvent and subsequently mixed into a uniform dispersion. The dispersion of carbon nanotubes in 
a suitable solvent entails the use of mild sonication to debundle agglomerated nanotubes. During 
and after mixing, the solvent is allowed to evaporate, leaving carbon nanotubes in the PDMS 
matrix. Through dispersion of MWCNT in different organic solvents for thirty minutes, it was 
found that after seventy hours, reaggregation of carbon nanotubes occurred in the order of 
toluene > chloroform > tetrahydrofuran (THF) > dimethylformamide (DMF). However, due to 
the incompatibility of THF and DMF with PDMS base, chloroform was best suited as the 
common solvent for carbon nanotubes and PDMS [57]. Noimark et al. [58] prepared a MWCNT-
PDMS composite by mixing MWCNT in xylene, which is a solvent for both materials (MWCNT 
and PDMS). The dispersion was then mixed with PDMS to form a light-absorbing composite. 
The coatings were applied to the ends of optical fibers for the fabrication of ultrasound 
transmitters. Lee et al. [59] fabricated graphene and carbon nanotube nanocomposite strain 
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sensors. MWCNT was added to the PDMS base, along with isopropyl alcohol (IPA) and 
Stoddard solvent, and sonicated for complete mixing. Crosslinker was then mixed, and the 
resulting nanocomposite was patterned onto a pure PDMS layer previously cured. The highest 
conductivity of the MWCNT-PDMS composite was 10-1 S/cm, with 12% of filler material. Bulk 
mixing therefore, can be employed when the filler has to be embedded into the base, creating a 
conductive polymer matrix instead of being patterned on the surface. Low resistivities can be 
achieved, but the compatibility and slow evaporation of the solvents are the main issue of this 
method. 
2.3.6. Screen Printing 
Screen printing has been developed to pattern carbon nanomaterials on flexible substrates. 
Differently from inkjet printing, the formulated paste contains a conductive carbon material 
which is mixed with binders and solvents. The highly viscous nature of the paste allows 
patterning with a stencil and subsequent evaporation of the solvent. Screen printing was used by 
Sekitani et al. [34] to coat SWCNT on PDMS. First, a SWCNT gel was formed by stirring 
SWCNT, ionic liquid, and 4-methly-2-pentanone for 16 h, followed by processing the gel in a 
jet-milling, which untangled or exfoliated the SWCNT. In the next step, 4-methly-2-pentanone 
and a fluorinated copolymer were added and stirred for another 16 h and dried in air for 6 h to 
produce a SWCNT paste. The paste was then screen-printed onto PDMS. A conductivity of 100 
S/cm was achieved for SWCNT loading of 15.8 wt%. 
The conductivity of carbon materials has been utilized in several applications ranging from 
flexible electronics, displays, sensors, supercapacitors, and batteries. Lowering the resistivity of 
carbon-based inks has been a challenge in these applications. Carbon materials diluted in water 
usually agglomerate, such that a dispersion agent is required. In conductive paste development, a 
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binder is necessary, which increases the resistivity of the final paste. Recently, Phillips et al. [60] 
found that a mixture of graphite and carbon black (ratio of 6 to 1) produced optimal conductivity 
of 0.029 Ω∙cm with good rheology properties for screen printing. The much smaller carbon black 
fills graphite gaps, resulting in a more conductive composite. 
Liao et al. [61] reduced the resistivity further by adding dihydroxyphenyl-functionalized multi-
walled carbon nanotubes (MWCNT-f-OH) to the carbon black and graphite mixture, along with 
using acrylic resin as a binder. The resistivity achieved was 29 Ω/sq when the mass fraction of 
the components was 10.2%, 3.0% and 4.1% for graphite, carbon black and MWCNT-f-OH, 
respectively. Screen printing is suitable for mass production of devices, achieving low 
resistivities, with a range of paste formulations available. However, the resolution of the features 
is relatively low (>75 µm) [62]. 
2.3.7. Inkjet Printing 
Classically used for printing text and images, inkjet printing has recently found applications in 
many branches. Its advantages include the ability to print solutions of various materials, the 
extremely low waste and fine control of deposition parameters such as droplet location and 
number of printed droplets. Inkjet printing has been used to print thin-film transistors on plastic 
substrates [63], fabricate tactile sensors [64], two-dimensional force sensors [44], biosensors 
[65], and in a variety of other applications [66]. Inkjet printing can be classified into solution 
processing category which also includes spraying [53], [63], [64], aerosol-based [67], layer-by-
layer [68], simple solution-evaporation [69], and dip coating [70], [71]. 
In one of the earliest developments in inkjet printing applied to flexible electronics, MWCNT 
carbon nanotubes were inkjet-printed onto transparency foil and paper [72]. In that study, carbon 
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nanotubes were functionalized with nitric acid treatment so they could be dispersed in water. The 
achieved sheet resistivity was 40 kΩ/sq with multiple prints (minimum 30 prints to become 
conductive). 
Kim et al. [73] inkjet-printed SWCNT directly onto PDMS substrate. The aqueous ink was 
developed with SWCNT and sodium dodecyl benzene sulfonate (SDBS), a surfactant that 
disperses nanomaterials in aqueous solutions. The ink was filtrated and inkjet-printed one to five 
times on previously cured PDMS. Treatment with water and nitric acid was performed to 
improve the sheet resistance. The minimum line width achieved was 80 µm, and the sheet 
resistance for five prints was 19.08 Ω/sq (with post-treatment). Cracks appeared on the CNT film 
upon stretching, which were attributed to the low adhesion of the PDMS surface to CNTs since 
the CNTs were not completely embedded into the PDMS matrix. 
Ding et al. [74] used a dual method for achieving CNTs on PDMS. CNTs were vertically grown 
on a silicon wafer, followed by PDMS pouring and subsequent curing. Using inkjet printing, 
graphene oxide was deposited on top of the CNTs. The final step was to reduce the graphene 
oxide. By printing both materials, they achieved a sheet resistance of 386 Ω/sq. 
Kumar et al. [75] inkjet-printed SWCNT modified with carboxylic groups on agarose gel and 
transferred the patterns to silicon oxide substrate by contact. Agarose gel is a porous hydrophilic 
polymer that readily absorbs water. The lowest sheet resistance achieved was 0.5 kΩ/sq for 40 
prints. 
Inkjet printing has been employed in the fabrication of flexible electrochemical and 
chemiresistive sensors. Due to the electrocatalytic activity of carbon nanotubes, electrodes 
composed uniquely of carbon nanotubes have been developed to measure analyte concentrations. 
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Furthermore, selectivity is attained by the addition of metal nanoparticles, which catalyze the 
reaction of specific analytes [76]. Tortorich et al. [77] inkjet-printed SWCNT on PET film, 
obtaining sheet resistance of 132 Ω/sq. The fabricated sensors were low cost, flexible and 
disposable, capable of measuring iron concentration through cyclic voltammetry. Da Costa et al. 
[78] inkjet-printed carbon nanotubes directly on paper for the fabrication of low cost and 
disposable dopamine sensors, while Song et al. [76] fabricated flexible chemiresistive sensors on 
PET film for glucose quantification. The carbon nanotubes were inkjet-printed as electrodes, and 
polyaniline nanowires were deposited between electrodes as resistive transduction elements. 
Despite the versatility of inkjet printing, some drawbacks remain for inkjet printing of carbon 
nanotubes onto PDMS. Due to the hydrophobicity of PDMS, water droplets do not wet its 
surface. Even when the surface is chemically treated to become hydrophilic, water droplets form 
rings during the drying process. Additionally, if the previous droplet has not entirely dried, a 
coalescence of droplets occurs, in which case non-uniformities appear. It can be minimized by 
heating the substrate to enhance evaporation. Lastly, nanomaterials formed on the surface of 
PDMS do not adhere well and form cracks if the PDMS is stretched. Additionally, nanoparticles 
usually require sintering to become highly conductive, in which case cracks become evident 
upon stretching. 
2.3.8. Drop-Casting 
Drop-casting has been employed to deposit ink on a variety of substrates. A formulated ink is 
simply dropped on the sensing region and allowed to dry through evaporation of the solvent. 
Chemical, biological, and electrochemical sensors are usually fabricated with this method. The 
stability of the deposited material is highly dependent on the interaction between ink and 
substrate. In addition, on evaporation, the deposited material may not form a uniform layer. 
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With the drop-casting method, carbon nanocoils were deposited on a liquid crystal polymer 
substrate to fabricate a humidity sensor that achieved record response and recovery times of 1.9 s 
and 1.5 s, respectively. The hydrophobic nature of the liquid crystal polymer caused weak 
adsorption of water molecules on the sensor, which resulted in fast recovery upon desorption of 
water molecules [46]. Drop-casting was also employed to deposit graphene oxide (GO) onto 
water-transfer paper to fabricate a strain sensor/actuator for detecting throat motion and emitting 
the respective sounds. First, GO dispersion was drop cast onto water-transfer paper and dried, 
followed by laser-scribing a defined region in order to reduce the graphene oxide (rGO). Then, 
the paper was immersed in deionized water to wash off unreduced graphene, leaving only rGO 
supported on a poly(vinyl alcohol) (PVA) film, which was used as a sensor to detect skin motion 
[15]. 
2.3.9. Patterning Methods 
In addition to the deposition of nanomaterials onto substrates and bulk mixing to form 
nanocomposites, many applications require patterning of the nanomaterials. Inkjet printing has 
the ability to deposit and pattern nanomaterials in a single step, but other methods require a 
combination of pre- or post-patterning. Laser ablation is a technique used to define patterns onto 
a flexible substrate such as PET. A focused laser delivers high optical energy to the substrate, 
thereby breaking up the molecular bonds and evaporating the molecules in the gaseous form 
[79]. A conductive CNT/PDMS nanocomposite is then poured into the grooves, and the extra 
amount is removed by a blade. Another plain PDMS layer is coated on top of the patterns and 
finally cured. Upon debonding, relief structures of conductive CNT/PDMS were formed onto a 
bulk PDMS. The laser ablation method forms extruding features without any masks, stamps, or 
lithography steps while achieving feature sizes as small as 20 µm on PET substrate. Similarly, 
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micromilling can be used to define features on a plastic substrate, such as acrylic, with a 
minimum feature size of 30 µm [42]. Micromilling uses milling bits (endmills), which are 
capable of cutting the substrate both axially and laterally. A variety of flexible materials can be 
used as substrates, and it is most suited to fabricating molds [80]. 
2.4. Summary 
In summary, several methods have reported to deposit and pattern carbon nanotubes on PDMS. 
Spray coating takes advantage of the solution processability of carbon nanotubes in aqueous 
solutions. It deposits over a large area, but requires additional patterning. Transfer techniques 
usually require some form of photolithography or micromachining prior to CNT transfer. 
Filtration methods also require a post-patterning step. The highest conductivities were achieved 
with the use of single-walled carbon nanotubes and with minimum impurities. 
High-quality dispersion of carbon nanostructures in water is important for several reasons, for 
example, to avoid the use of toxic organic solvents, obtain low cost and low complexity 
formulations, and attain compatibility with biomolecules, etc. However, due to the hydrophobic 
interactions in water, graphene and carbon nanotubes agglomerate, which hinders the direct 
dissolution of those materials in water. Therefore, alternative aqueous dispersions are being 
developed. Georgakilas et al. [81] developed a carbon-based ink in which no surfactants or 
hydrophilic polymers were necessary for dispersion. The carbon nanotubes were made 
hydrophilic by functionalization with dihydroxy phenyl groups and subsequently added to the 
exfoliated graphene. The stabilization of graphene by carbon nanotubes in aqueous solution 
occurred by preferential trapping of carbon nanotubes between graphene sheets or modification 
of graphene edges. The solution was stable and achieved a minimum sheet resistance of 25 Ω/sq. 
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Most commercial carbon nanotubes are available in the form of powder or dispersed into 
solvents. For powder-based carbon nanotubes, dispersion in water requires the use of a surfactant 
or chemical modification [20]. Nevertheless, due to the low electrical conductivity of surfactants, 
the final conductivity of the printed film is impaired, so that the remaining surfactant molecules 
are regarded as undesired impurities. Therefore, patterning inks of carbon nanomaterials still 




CHAPTER 3. TRANSFER PRINTING OF CARBON NANOTUBES TO 
PDMS 
3.1. Introduction 
The inkjet printing technology works well for printing on substrates that readily absorb the 
solvent, such as paper. However, for substrates that do not absorb the solvent, the droplets should 
be allowed to dry before printing an adjacent droplet to minimize coalescence and the coffee ring 
effect. In what follows, the main issues are defined, and our method to avoid such problems is 
described. 
3.2. Issues of Inkjet Printing Carbon Nanotubes Directly on PDMS 
For the fabrication of sensors, a flexible and stretchable material offers lower resistance to 
stretching. In addition, for wearable sensors, the materials should be biocompatible. PDMS is 
one of the best candidates that meet these criteria because it can be easily fabricated, is 
biocompatible, and can be stretched by more than its length. Although PDMS alone does not 
conduct electricity, it is possible to fabricate conductive nanocomposites by embedding a 
material that is conductive, for example, carbon nanotubes. 
Carbon nanotubes are a class of materials suitable to be conductive fillers in a PDMS matrix. 
They have proved to be highly conductive [82], can be synthesized in high quantities, and are 
solution processable. Due to their high aspect ratio, they have a lower percolation threshold 
compared to nanoparticles. That means they conduct electricity even at low concentration inside 
a polymer matrix. Therefore, they are preferred over silver nanoparticles or carbon black [59]. 
 
Part of this chapter was previously published as T. H. da Costa and J.-W. Choi, “Low-cost and customizable inkjet 
printing for microelectrodes fabrication,” Micro and Nano Systems Letters, vol. 8, art. 2, 2020. doi: 10.1186/s40486-
020-0104-7. Reprinted by permission of Springer Nature. 
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Due to the nanometer size of carbon nanotubes, it is possible to process them with solutions. 
Without using a solution, the carbon nanotubes can be used as-grown, which means in their 
pristine form. Optionally, they can be transferred to another substrate via PDMS casting. 
However, without post-treatment to remove impurities, their use is significantly reduced. Also, 
patterning is complex because it requires patterning of the metal seeds using lithography or other 
micromachining equipment.  
Inkjet printing is a low cost, low complexity method of printing nanomaterials dispersed in 
solution. It does not require the use of stencils like screen printing, or complex fabrication masks 
such as photolithography. However, one of the issues of printing a dispersion of solids is the 
coffee ring effect. The droplet, which is deposited on the substrate, has a pinned contact line. 
Evaporation occurs more quickly at the edges of the droplet than at the center, forming a 
capillary flow outwards to replenish the evaporated liquid, which makes the solid content to 
move to the edges of the droplet, thus forming a coffee ring [83]. Additional issues are the 
irregular wetting on the substrate, bulging of the printed patterns, and agglomeration of adjacent 
droplets [84]. 
3.3. Experimental Details of the Transfer Printing Method 
3.3.1. Ink Solution Preparation 
Ink development is an important step for successful inkjet printing. Aqueous solutions are well 
suited to cartridges, compared to organic solvents. Some organic solvents also solubilize carbon 
nanotubes, but they are toxic and may damage the cartridge. On the other hand, carbon 
nanotubes agglomerate in aqueous solution, so a surfactant is used to provide a stable dispersion. 
Through extensive testing of organic solvents, it has been found that carbon nanotubes can be 
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dispersed in organic solvents. Liu and Choi [85] found a reaggregation of MWCNT after 70 
hours in the order: toluene > chloroform > THF > DMF. DMF was found to be the best 
dispersant of MWCNT among the ones tested. However, chloroform was found to be the best 
common solvent when PDMS and MWCNT are mixed. Acetone has been used as a solvent for 
SWCNT by Lau et al. [86], but the quality of the dispersion was not reported. In that study, it 
was found that the solvent influenced the hardness and flexural strength of the epoxy composite 
(due to unreacted epoxide groups and extent of cure reaction). In addition to dispersing SWCNTs 
with acetone only, Gong et al. [87] added an anionic surfactant (polyoxyethylene 8 lauryl) to 
improve CNT dispersion in acetone. Briefly, polyoxyethylene 8 lauryl was dissolved in acetone, 
and carbon nanotubes were added to the as-prepared polyoxyethylene 8 lauryl solution. Then 
epoxy and hardener were added to the mixture to provide a viscous suspension. The formulation, 
therefore, provided a polymer composite in the form of a paste from which the mechanical 
properties were studied. It contrasts to the liquid ink that is necessary for inkjet printing. 
Tortorich et al. [77] used a solution of sodium n-dodecyl sulfate (SDS) and water to disperse 
carbon nanotubes. Like polyoxyethylene 8 lauryl, SDS is also an anionic surfactant, which 
indicates the possibility to disperse carbon nanotubes with acetone and SDS. However, the use of 
acetone to disperse carbon nanotubes is advantageous only if no surfactant is necessary. If a 
surfactant is needed, then the advantage of using acetone is lost, in which case an aqueous 
solution can be used with the help of a surfactant. To determine if acetone alone can be used to 
disperse carbon nanotubes, 45 mg of MWCNT were added to 4.5 ml of acetone in a vial and 
sonicated for 30 minutes. For comparison, 45 mg of MWCNT were added to 4.5 ml of deionized 
water in a separate vial and sonicated for 30 minutes. It was observed that without the use of 
SDS aggregation of MWCNTs occurred both in acetone and water during and after sonication 
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(Figure 1a). With the use of SDS, aggregation of MWCNTs occurred only in acetone (Figure 
1b). On the other hand, with SDS in water, the MWCNT dispersion was stable at least for ten 
days. 
 
Figure 1. Comparison of dispersing agents for multi-walled carbon nanotubes (MWCNT) after 
sonicated: (a) MWCNT in acetone alone and deionized water alone. Sonication of MWCNT and 
acetone alone does not provide a stable dispersion. The same is valid for MWCNT and water 
alone, and (b) MWCNT with SDS in acetone and MWCNT with SDS in deionized water. A 
stable dispersion was found only in MWCNT with SDS in deionized water. The composition 
was 45 mg of MWCNT, 31.5 mg of SDS, and 4.5 ml of acetone or water in each vial. 
The optimal formulation for inkjet printing on PET film has been previously developed in our 
group [77]. For the ink preparation, 10 mg/ml of MWCNT (Cheap Tubes Inc., Brattleboro, VT, 
USA) and 7 mg/ml of SDS (Alfa Aesar, Ward Hill, MA, USA) were added to 5 ml of deionized 
water in a vial, sonicated for 30 minutes at 80 W in a bath sonicator (Fisher Scientific FS20D), 
transferred to centrifuge tubes and centrifuged for 5 minutes at 12,000 rpm. The supernatant was 
recovered and directly injected into a cartridge. The inkjet printer used was an HP Envy 4501 
with a corresponding cartridge for the printer. The cartridge was opened and thoroughly cleaned 
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3.3.2. Transfer Printing Process 
Patterns were printed using an office inkjet printer (Figure 2a). One of the challenges of using 
water-based ink is to find a suitable substrate that quickly absorbs the ink, in order to have a 
sharp pattern characteristic and to avoid the coffee stain effect [66]. To minimize those issues, 
carbon nanotubes were inkjet-printed onto a PET film and subsequently transferred to PDMS. To 
this end, a PET film designed for inkjet printing (Inkpress ITF851150) was used. Patterns were 
printed several times to improve the uniformity of the film and reduce the sheet resistance. It was 
observed that electrical conduction started at five prints. For the PDMS preparation (Sylgard 
184), the PDMS base was thoroughly mixed with a curing agent (weight ratio 10:1) and placed 
in a vacuum for 20 minutes to remove air bubbles. 
PDMS was then spin-coated on the samples and cured at 90 °C for one hour (Figure 2b). The 
spin coating procedure comprised of ramping up the speed at 300 rpm/s to allow uncured PDMS 
to spread over the substrate, then maintaining the desired speed until the total time was 90 
seconds. Such a relatively long spinning time ensures that all the uncured PDMS gets thrown off 
the substrate. The ramp down of the speed was set at 500 rpm/s for 10 seconds. Using the 
described procedure, PDMS films with thickness of 300 µm were obtained at the speed of 250 
rpm. The top PDMS layer was then peeled off, containing the CNT patterns (Figure 2c). Finally, 
a sensor was assembled by bonding three layers of the horizontal and vertical CNT patterns 
(Figure 2d). The middle layer of PDMS provided isolation between the top and bottom CNT 
patterns, while the top PDMS provided passivation of the device. Here, PDMS layers were 
bonded by the corona discharge method. Briefly, by applying a strong electric field (one cm 
away from the surface for one minute), silanol groups are created at the surface, which upon 
touch with other PDMS layers, creates a permanent bond [88]. Finally, to provide a permanent 
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bond, the sample was heated at 90 °C for one hour. 
Using the transfer printing process described above, two types of sensors were fabricated: (i) a 
single carbon nanotube line that works as a force-sensing resistor and (ii) a two-dimensional 
force sensor composed of multiple lines of carbon nanotubes, having the capability to map force 
application in two dimensions. The single line sensor required only two layers of PDMS, 
whereas the two-dimensional sensor required the third layer. Therefore, after bonding the middle 
layer, its top surface was also corona-treated, and the third layer was assembled, forming a three-
layer device. 
 
Figure 2. Inkjet and transfer printing carbon nanotube patterns: (a) inkjet-print MWCNT ink onto 
PET film using an office printer; (b) spin coat PDMS on the patterns and cure PDMS; (c) peel 
off PDMS containing CNT patterns, and (d) bond layers of the device. 
For sheet resistance measurements, patterns with dimensions of 10 mm × 10 mm were printed on 
PET sheet from 5 to 35 times and subsequently transferred to PDMS. The sheet resistance was 
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3.3.3. Characterization of the Printed Film on Transparency 
Uniformity 
The uniformity of CNTs on PDMS was verified with SEM (scanning electron microscopy) 
images. As shown in Figure 3, the microscopic uniformity of MWCNT was achieved on PDMS 
with the transfer printing method. 
 
Figure 3. SEM image of inkjet-printed MWCNTs on PDMS. Microscopic uniformity was 
achieved with the transfer printing method. 
Resolution 
Due to the requirement to print several times, at each print, the office inkjet printer adds 
misalignment. Therefore, the minimum spacing between two lines of CNTs obtained was 1 mm, 
while the minimum line width was 0.8 mm. The use of an office inkjet printer allows the 
deposition of large-area patterns at the expense of pattern resolution. 
Sheet resistance 
Due to the electrical conductance of carbon nanotubes, each carbon nanotube provides a 
conductive path for current to flow. As more carbon nanotubes are present in a film, more 
conduction paths are available. For a single print, only sparse carbon nanotubes are printed. But 
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for more prints, the film becomes thicker, thus offering less resistance to electric current. 
Therefore, the sheet resistance decreases with an increasing number of prints. This is evidenced 
in Figure 4. In addition, the ratio of the sheet resistances provides a measure of the transfer 
efficiency. Equal resistances means that all the CNTs have been transferred from PET to PDMS. 
 
Figure 4. Sheet resistance of CNTs on PET film (inkjet-printed) and PDMS (after transfer from 
PET). The sheet resistance decreases as the number of prints increases. The lowest sheet 
resistance on PDMS was 1.2 kΩ/sq when printed 35 times. 
Other factors that influence the resistivity are the CNT and SDS concentrations [77], since the 
weight percentage of CNTs is directly related to the percolation of the CNT network (i.e., the 
degree with which a conductive path is formed) because a solution containing higher CNT 
weight percentage will deposit more CNTs. Also, the resistivity is affected by the concentration 
of SDS, which bonds to the CNT surface to prevent the bundling of CNTs. The use of SDS as a 
surfactant is required, but the downside is lowering the ability of CNTs to make electrical 


































Each CNT has a diameter of tens of nanometers, and they are deposited mostly horizontally at 
each print, so the CNT film should have a few hundreds of nanometers. However, for practical 
verification, the sheet resistance is a better tool than the thickness. The number of prints is the 
controllable variable for the inkjet printing deposition process, such that one layer of CNT is 
added to the film at each print. In that case, the desired sheet resistance of the CNT feature can 
be directly related to the necessary number of prints. The sheet resistance was verified to 
decrease as more prints are performed, as shown in Figure 4. 
3.3.4. Removal of SDS 
Several authors have indicated the removal of SDS after printing [89]. SDS is soluble in water, 
so running water solubilizes SDS molecules attached to the surface of the film. In addition, it has 
been reported that water and diluted nitric acid were used in the removal of SDBS from SWCNT 
[73]. Rinsing in distilled water [90] and immersion in nitric acid were also performed to remove 
SDS from SWCNT, which improved sheet resistance with negligible chemical doping of CNTs 
[89]. However, the reflux in nitric acid actually functionalized MWCNT creating carboxyl, 
hydroxyl, and carbonyl groups at the defect sites [72]. In addition, De Nicola et al. [91] rinsed 
MWCNT-SDS dispersion in a solution of ethanol, methanol, and water (proportion of 15:15:70 
to remove surfactant after being printed). In spite of the previous reports indicating a washing 
step in water to remove the surfactant, washing experiments performed on the inkjet-printed 
MWCNTs on PET film did not show any improvement in the sheet resistance. In addition to a 
rinsing step with water, isopropyl alcohol (91%) was jetted directly at the printed CNT patterns 
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on PET film to remove SDS, however, no improvement in sheet resistance was observed. 
3.3.5. Method of Immersing the PDMS Into Acetone 
During the process of peeling off PDMS from PET film, if the PDMS membrane thickness is 
lower than ~100 µm, PDMS may tear because the pulling tension required to separate the PDMS 
from the PET is greater than the tension that the PDMS is capable of withstanding. For those 
cases, a method was developed to obtain PDMS membranes as thin as 30 µm without any 
tearing. The sample was immersed into acetone for 5 seconds (until the PDMS layer becomes 
transparent, which indicates that acetone has diffused through PDMS), and peeling was 
performed while the sample was immersed. Acetone is a polar solvent that diffuses into PDMS 
while it is immersed. Acetone reduces the adhesion energy of PDMS-PET film, effectively 
reducing the pull tension necessary to separate PDMS from PET film. The pulling tension is 
much lower when immersed into acetone, than when not immersed. By using this method, it was 
possible to peel off PDMS membranes as thin as 30 µm. 
3.3.6. Thermal Processing of the PET Film 
The transfer printing method shown thus far has been successfully employed to transfer carbon 
nanotubes from PET film to PDMS. However, in order to improve the consistency and sheet 
resistance of the final patterns on PDMS, the PET film was thermally treated before peeling off 
the PDMS from PET. The complete procedure consisted of inkjet-printing a CNT pattern onto 
PET film, spin-coating PDMS on top of the CNT pattern to form the diaphragm, and curing the 
PDMS. Before peeling off PDMS from the PET film, heated air was applied directly on the PET 
film with the aid of a solder rework station (air gun). The air temperature was set at 300 °C, and 
the distance between the air gun and the PET film was 3 cm at the onset of the procedure. The air 
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gun was then brought closer to the PET film, until reaching a distance of 0.5 cm from the PET 
film. The duration of the procedure lasted 120 seconds. 
PET has a melting temperature around 260 °C [92], but PDMS does not melt at that temperature. 
It has been reported that the thermal decomposition temperature of PDMS is around 310 °C [93], 
so that applying a temperature below 310 °C does not adversely affect the PDMS membrane. 
Applying a thermal treatment to PET just above its melting point (260 °C) turns the PET soft and 
viscous, while the PDMS does not melt due to its cross-linked nature [94]. Thus, the thermal 
treatment procedure allows the easy separation of PDMS from PET. The visual inspection of the 
transferred CNTs to PDMS shows a darker pattern after thermal treatment in comparison to no 
thermal treatment (Figure 5). 
 
Figure 5. Comparison of carbon nanotube patterns after transferred from PET to PDMS: (a) 
PDMS was simply peeled off from PET, and (b) PDMS was peeled off after applying heat on the 
PET side. The thermal treatment reduced the resistance of the carbon nanotube line from 683 kΩ 
to 50 kΩ. 
Moreover, the thickness at which the PDMS tears apart while peeling off from PET is 300 μm 
(with no thermal treatment). On the other hand, with thermal treatment, diaphragms with 
thicknesses lower than 30 μm were successfully peeled off without tearing. The resistance of 
(a) 
No thermal treatment 
(b) 
With thermal treatment 
1 mm 1 mm 
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CNT patterns was measured for a demonstration of the improvement produced by the thermal 
treatment method. In the first case, the resistance of inkjet-printed CNTs directly on PET film 
showed an average of 13 kΩ and a standard deviation of 0.4 kΩ. In the second case, the 
resistance of transferred CNTs to PDMS after thermal treatment showed an average of 50 kΩ 
and a standard deviation of 6.5 kΩ. In the third case, the resistance of transferred CNTs to PDMS 
without thermal treatment showed an average of 683 kΩ and a standard deviation of 129 kΩ. In 
each case, ten different samples were measured. The thermal treatment, therefore, improved the 
transfer of carbon nanotubes from PET to PDMS, since it was observed an improvement of 
92.7% in the resistance of the samples that were thermally treated. 
 
Figure 6. Comparison of the resistance of carbon nanotube lines on different substrates and 
with/without thermal treatment. The resistance of CNTs inkjet-printed on PET film is 13 kΩ, 
while on PDMS after thermal treatment is 50 kΩ, and on PDMS without thermal treatment is 683 
kΩ. The improved method shows a reduction in the resistance from 683 kΩ to 50 kΩ. The 
dimensions of the lines were 28 mm x 1 mm (28 squares). 
3.4. Development of a Custom Printer 
Inkjet printing has seen tremendous development in the deposition of nanomaterials for the 
fabrication of microelectrodes. It has been considered as an alternative for printing nanomaterials 
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in the applications of flexible electronics and point of care sensors. The superior properties of 
inkjet printing, such as solution processing and maskless printing, enable the technology to be 
used in a variety of applications. A common issue in the development of inkjet-printed sensors is 
the high cost of inkjet printing research equipment.  
While many of the studies mentioned above used professional inkjet printers, some of them 
employed office inkjet printers, which are widely available at low cost. Office inkjet printers 
offer the advantage of printing large-area patterns with high speed, at the expense of lower 
resolution and lack of control of the quantity of material deposited. 
Several approaches have been employed in the development of low-cost ink deposition 
processes. In microfluidic impact printing(MIP) [95], [96], a pin which is driven by an 
electromagnetic actuator strikes an elastic membrane. The ink contained in the microfluidic 
channel below the membrane ejects in the form of a small droplet. In electrohydrodynamic jet 
printing [97], a high voltage is applied between the print head and the substrate, which ejects ink 
from the nozzle onto the moving substrate to form a pattern. Printed lines can be achieved with 
widths as small as 700 nm. These approaches provide an alternative to standard printing 
procedures. However, they are not easily replicated since the cartridge and nozzle have to be 
microfabricated in both cases. 
Here, a customized inkjet printer with comparable characteristics to advanced commercially 
available inkjet printers is presented, while being affordable by utilizing off-the-shelf 
components. Furthermore, it is capable of printing several nanomaterial solutions, including 
carbon nanotubes, graphene oxide, and silver nanoparticles. The capability of the printer was 
demonstrated by patterning carbon nanotubes on polymer substrates. The printer can easily be 
replicated and provides a foundation for the development of flexible and disposable sensors. 
37 
 
3.4.1. Development of the Inkjet Printer Stage 
The inkjet printer consists of a moving stage, a print head with the cartridge, and a control board. 
An aluminum frame was used as the platform for the inkjet printer. The frame offers a large area 
of 35 cm x 35 cm for positioning the substrate, as illustrated in Figure 7a. The control board 
contains the microcontroller and two subsystems: a motor control for the positioning of the print 
head and a cartridge control that controls the ejection of droplets (Figure 7b). Stepper motors 
with a geared system providing 2060 steps per revolution were used for X and Y linear 
movements of the cartridge. Inkjet printer cartridges (HP C6602A) were thoroughly cleaned in 
deionized water and dried before use. The cartridge has a nozzle with an aperture of 55 µm 
(measured under an optical microscope) with a nominal average drop volume of 160 pl (obtained 
from the datasheet) [98]. Each droplet is generated by an electric pulse of 21 V for five µs sent 
by the microcontroller to the nozzle (Figure 7c). This type of cartridge uses thermal technology 




Figure 7. System schematic and customized patterns: (a) XY stage containing the print head and 
cartridge; (b) schematic of the control board; (c) the microcontroller sends voltage pulses of 5 µs 
of duration and 21 V of amplitude to activate a particular nozzle, and (d) carbon nanotube 
patterns printed on a poly(ethylene terephthalate) (PET) film (scale bar: 1 mm, above) and a 
single line of carbon nanotubes with different spacing between drops (scale bar: 100 µm, below). 
When a voltage pulse is sent to the nozzle, a thin-film resistor in the nozzle heats to a high 
temperature, creating bubbles and ejecting the ink [66]. Line patterns with width as low as 120 
µm and square patterns were printed on poly(ethylene terephthalate) (PET) substrate to 
demonstrate the characteristics of the printer (Figure 7d). 
3.4.2. Characterization of the Custom Printer 
For the characterization of the inkjet printer, PET sheets (Inkpress ITF851150) were cut into 70 
mm x 50 mm and used as the substrate. In order for the substrate to maintain flatness during 
                 
     
            
             
             
     
             
               
          
     
       
      
            
















printing, it was attached to a glass slide, which was previously coated with poly(dimethyl 
siloxane) (PDMS). All measurements of dimensions were performed under a stereomicroscope 
(Leica MZ16), while sheet resistances were measured with a custom four-point probe setup. The 
current low-cost inkjet printer does not contain a heating stage, so the experiments were 
performed at room temperature. Alternatively, a heating stage would allow the improvement of 
the evaporation rate of the droplets. The carbon nanotube ink used to characterize the printer 
consisted of a stable dispersion of MWCNT (10 mg/ml) and SDS (7 mg/ml) in deionized water, 
as described in section 3.3.1. 
3.4.3. Performance of the Custom Printer 
Drop spacing 
For performance testing of the developed printer, a single nozzle was used. The advantages are 
high spatial resolution and control of the number of droplets. The position of the cartridge is 
controlled by stepper motors. Each step of the motor corresponds to the minimum distance 
between drops printed on the substrate. Due to the reduction gears of the stepper motors, a single 
step corresponds to 18 µm, two steps correspond to 36 µm and so on. The spatial resolution of 
the inkjet printer is the smallest lateral displacement of the nozzle achievable for a single motor 
step, corresponding to a resolution of 18 µm (1412 dpi). In Figure 8, lines of carbon nanotubes 
were printed on PET film to determine the drop spacing. The points represent the average for 
each number of steps, while the error bars represent the standard deviation of the distance 
between adjacent drops for 20 times of printing (n=20). The deviations of the droplets both in the 
direction of the line and laterally were measured to obtain the positioning repeatability, achieving 
a standard deviation (SD) of 10.3 µm and 5.01 µm, respectively. The deviations can be attributed 
to the differences in trajectories of the ejecting droplets, which are mainly affected by the 
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distance between the nozzle and the substrate. 
 
Figure 8. Drop spacing measurement of the custom printer. Carbon nanotube lines were printed 
with each line having a different number of motor steps between drops. Each step of the motor, 
therefore, corresponds to 18 µm. Error bars show the standard deviation of 20 measurements. 
Line width 
When printing a single line of nanomaterial on the substrate, adjacent drops in close proximity 
produce an increased line width. Figure 9 shows the dependence of line width on the drop 
spacing. If the spacing between each drop is less than 70 µm, drops may overlap. When drops 
overlap, the resultant line width increases. But if the drops do not overlap, the line width is the 
same as the drop diameter. Several methods can be used to change the size of the printed droplet, 
such as modifying the nozzle diameter, changing the type of substrate, the ink formulation, and 
the hydrophilicity of the substrate to improve the wetting behavior [62]. In our experiments, 






























Figure 9. Line width dependence on the drop spacing. For small drop spacing, there is overlap, 
and the line width increases. 
Sheet resistance 
The conductivity of the printed patterns is essential when fabricating functional sensors. As can 
be seen in Figure 10, the measured sheet resistance is lower when drops are printed closer 
together. The reason is that if the drops overlap, more material is printed in a given area, which 
in turn decreases the sheet resistance. On the contrary, as the drop spacing increases, less 
material is printed in a given area, and the sheet resistance increases. If the drop spacing is 




















Drops do not overlap




Figure 10. The sheet resistance of single lines of carbon nanotubes printed on PET. As the drop 
spacing increases, less material is printed in a given area, and the sheet resistance increases. 
Error bars show the standard deviation of ten measurements. 
In Figure 11, square patterns of carbon nanotubes were printed on the PET sheet with dimensions 
of 10 mm x 10 mm. The measured sheet resistance decreases as a function of the number of 
prints due to more conduction paths being available for current to flow. 
 
Figure 11. The measured sheet resistance of carbon nanotubes on PET printed from one to five 
times. Error bars show the standard deviation of measurements. 
Table 3 shows the comparison of patterns deposited with a variety of inkjet printers and some 
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40 kΩ/sq at 90 prints 200 μm [72] 
Micromech 
Systems 
MWCNT Glass 30 kΩ/sq at 1 print 98 μm [100] 
Microfab 
JetDrive III 















Silicon wafer N.A. 700 nm [97] 
Custom MWCNT PET film 0.61 kΩ/sq at 5 prints 120 μm This 
work 
N.A.: Not available, PDMS: poly(dimethyl siloxane), EJP: electrohydrodynamic jet printing, 
MIP: microfluidic impact printing, SWCNT: single-walled carbon nanotube, MWCNT: multi-
walled carbon nanotube, PEDOT/PSS: poly(3,4-
ethylenedioxythiophene)/poly(styrenesulphonate). 
3.5. Summary 
In this chapter, to overcome the issues when inkjet-printing carbon nanotubes directly onto 
PDMS, a transfer printing method was described. Coffee ring effect and irregular patterning are 
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the main issues that the transfer printing method addresses. The first step is to inkjet-print carbon 
nanotubes on a PET film, followed by spin coating PDMS over the patterns and curing the 
PDMS. Then, a thermal treatment is applied to release the PDMS from the PET film. The 
thermal treatment allowed more carbon nanotubes to be transferred to PDMS, compared to no 
thermal treatment, which reduced the sheet resistance of CNTs on PDMS by more than 90%. In 
addition, a cost-effective and customizable inkjet printer was developed, offering a resolution of 
18 µm (1412 dpi) with the components available off-the-shelf, which is comparable to the 
advanced inkjet printers available for research. The inkjet printer was employed to print patterns 
of carbon nanotubes on PET film to demonstrate the capability of printing microelectrodes, 




CHAPTER 4. TWO-DIMENSIONAL FORCE SENSOR 
4.1. Introduction 
Flexible and stretchable sensors are gaining importance for applications in healthcare. For 
example, tactile feedback is one application in which the magnitude of the force is required, as 
well as its position in space. This requires a two-dimensional force sensor that provides such 
force information but also can be wrapped around the surface of the object and be comfortable to 
wear. This type of sensors is highly demanded in anthropomorphic prosthetic hands and robotics 
applications. To illustrate the sensing mechanism, first, a single line of carbon nanotubes was 
fabricated, and a force was applied perpendicularly to the line. It was shown the resistance 
change caused by the bending of the CNT line as well as the response of the sensor from the 
cyclic force application. Then, a two-dimensional force sensor with multiple lines was fabricated 
and characterized in terms of spatial distribution and sensitivity. 
4.2. Force-Sensing Resistor Fabrication and Measurement 
For the single line force sensor, the method of transfer printing described in Chapter 3 was used 
to obtain a single line of CNTs on PDMS (10 mm × 0.5 mm). First, carbon nanotubes were 
inkjet-printed onto PET film with an office inkjet printer. Then, PDMS was spin-coated, cured, 
and peeled-off from the PET film. This method resulted in carbon nanotubes being embedded in 
the PDMS layer. Then, electrical contacts were established with copper clips, and a passivation 
layer of PDMS (300 μm) was bonded to the first layer by corona treatment. The thickness of 
both PDMS layers was 300 µm, and an additional PDMS layer (4.2 mm) was placed below the 
 
This chapter was previously published as T. H. da Costa and J.-W. Choi, “A flexible two dimensional force sensor 
using PDMS nanocomposite,” Microelectronic Engineering, vol. 174, pp. 64–69, 2017. doi: 
10.1016/j.mee.2017.02.001. Reprinted by permission of Elsevier B.V. 
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sensor to allow for deflection. 
For testing the change in resistance upon compression force, the force-sensing resistor was tested 
in a testing machine (GeoJac Automated Load Actuator), as shown in Figure 12a. The linear 
actuator speed was set to 0.1 in./minute. The force applied was measured by a load cell (CNC 
Pacific Weighing), as depicted in the 3D model of Figure 12b, and the resistance was measured 
with a Keithley 2100 DMM. For the characterization of the sensor, the ball indentation 
experiment was employed [103]. In this experiment, a steel ball of diameter 12.7 mm (0.5 in.) 
descended with constant speed at the normal direction to the sensor, reaching the sample and 
creating an indentation into the sensor, which caused a strain on the carbon nanotube network, 
schematically depicted in Figure 12c. The ball stayed at maximum indentation for 5 s and then 
retreated to its initial position. 
 
Figure 12. Testing of the force-sensing resistor: (a) picture of the ball indentation experiment; (b) 
schematic of the force applied by the steel ball, while a load cell reads the amount of force 
applied for calibration of the sensor, and (c) schematic of the strain generated by deflection. 
Silicone oil was painted on the ball to prevent probe-sample adhesion. The resistance change for 
the experiment is shown in Figure 13. It was observed more than 20% change in resistance when 










the load was 0.5 N. 
 
Figure 13. The resistance change of the force-sensing resistor. A ball indents the CNT line 
perpendicularly to the sensor. The resistance of the carbon nanotube pattern increases when the 
ball deflects the pattern. 
The continuous operation of the sensor requires that the sensor be stable over time. A cyclic 
force application was performed to characterize resistance-time behavior. A similar procedure 
was applied as in the ball indentation experiment; however, with the repeated vertical motion of 
the ball. An automated system controlled the vertical speed of the ball. At each cycle, the ball 
touched the sample until the force reached 0.5 N (as measured by the load cell). After 5 s the ball 
retreated to the initial position. The resistance changed by 17% when the load was 0.5 N at each 
cycle, as shown in Figure 14. The stress relaxation is one of the characteristics of viscoelastic 
polymers. In the plot of Figure 14, it can be observed that the resistance level does not return to 
the original value, which could be ascribed to stress relaxation caused by the viscoelastic effect 
in PDMS. Such behavior has been further explored in previous publications [104], [105]. To 



























resistance does not return to the original value when a force is being applied, the difference 
between the peak and the base value of the resistance is representative of the magnitude of the 
force. 
 
Figure 14. Resistance-time behavior of the CNT/PDMS force-sensing resistor when the load was 
applied cyclically to the sensor. The ball touched the sensor until force reached 0.5 N at each 
cycle, then retreating to the initial position after 5 s. 
4.3. Two-Dimensional Force Sensor 
The two-dimensional force sensor was fabricated by inkjet printing MWCNTs on PET film, 
spin-coating PDMS, peeling off the PDMS, and assembling the device. To obtain force 
distribution information, CNT lines were printed on the x axis and the y axis of the PET film. 
Then, PDMS was spin-coated on the whole film. Finally, the PDMS was peeled off and cut to 
obtain the top layer and bottom layer, as can be seen schematically in Figure 15a. The device 
was assembled with a separation layer of PDMS (300 µm thick), and the connections were 
secured with a snap-in connector. The assembled device with wire connections is shown in 













































provide resistance values from each of the CNT lines sequentially. Finally, an algorithm 
subtracted the value of resistances on the same line and adjacent to the point of interest, so that 
ghost-resistances were minimized. The program running in the microcontroller scanned for each 
value of the two-dimensional sensor and transmitted each value to a computer, which then 
plotted a near-real-time heatmap of the force. 
 
Figure 15. Fabrication of two-dimensional force sensor: (a) schematic of three layers of PDMS 
working as the top, separation, and bottom layers; (b) example of printing lines of carbon 
nanotubes on PDMS, and (c) sensor assembled. 
The two-dimensional force sensor contains lines on separate layers. The lines were arranged 
perpendicularly to each other. Connections to CNT lines were established with the use of snap-in 
connectors. The initial resistance of each CNT line was measured to be ~300 kΩ, excluding the 
ground portion. A single voltage measurement was composed of the resistance of a single CNT 
line in series with a 300 kΩ resistor, thus forming a voltage divider. The output of this voltage 
divider was directly connected to an ADC, which has multiple inputs. Therefore, ten 
GND 
CNT lines 












measurements were taken in the x direction and another ten measurements in the y direction. One 
measurement was taken in the beginning from all the inputs to establish the baseline, that is, with 
no force applied. Subsequent measurements were subtracted from the baseline value. When a 
force is applied at a particular position, the respective x and y resistances increase, which is 
observed at the ADC voltage reading. If there is no force application, the voltage reading stays 
constant, and the difference to the baseline is zero. The multiplication of corresponding x and y 
measurements provides the force information for a particular point. When all the points were 
measured, the corresponding values were plotted as a heat map on the computer. The heatmap 
and the respective picture of the force location are shown in Figure 16. 
4.4. Discussion 
The carbon nanotubes embedded in the polymer matrix form a conductive path. When strain is 
applied to the polymer, the number of contacts available for current to flow is decreased, 
therefore the resistance increases. The two-dimensional force sensor provides pressure feedback 
that closely mimics the human sensory system. Additional applications of the single line sensor 
are finger touch measurement and heartbeat monitoring. The inkjet printing is a simple, yet 
efficient way of patterning CNT/polymer composites. The method proposed here allows 
patterning of large-area networks of carbon nanotubes on PDMS, which has been difficult due to 
incompatibilities between PDMS and aqueous solutions. The demonstrated method avoids the 




Figure 16. Two-dimensional force sensing with MWCNT/PDMS nanocomposite. The images 
show a single force application and multiple force application at different locations on the 
sensor. 
4.5. Summary 
In this chapter, applications of the transfer printing method are shown. The transfer printing 
method only utilizes an aqueous solution of carbon nanotubes with surfactant and is extremely 
simple, requiring only a few steps. First, the ink is printed on a PET sheet, and PDMS is spin-
coated over the CNTs, which actively embeds the CNT film into PDMS. Subsequently, the 
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PDMS is peeled off, and the patterns are transferred to PDMS with high uniformity. The 
resulting composite is flexible and conforms to the surface. Through resistivity measurements, 
the electrical paths of the CNT network were verified, and SEM pictures showed that the pattern 
transfer maintains the CNT network after the transferring step. As a demonstration of the 
technology, an all-polymer flexible two-dimensional force sensor was fabricated and 
characterized, showing force mapping capability. The deflection of a single line of carbon 
nanotubes resulted in >20% change in resistance with 0.5 N of force applied perpendicularly to 
the CNT line. The repeated force application on the sensor showed an initial increase in 
resistance, and subsequent cycles followed the base value. In addition, the flexibility of the 
sensor allowed it to conform to a variety of non-flat surfaces, enabling the device to be used as a 




CHAPTER 5. PRESSURE SENSOR 
5.1. Introduction 
Pressure sensors are extensively used in the automotive industry, oil and gas industry, medical 
devices industry [106], and many others. The pressure is frequently the most important signal 
when monitoring the situation of the underlying process. In healthcare, many health conditions 
are characterized by abnormal pressure, such as high blood pressure and high intraocular 
pressure. Especially in medical care, the measurement of transpulmonary pressure is required 
during mechanical ventilation to prevent ventilator-induced lung injury [107]. Low limit of 
detection is important in many applications, as the air pressures range from zero to several 
hundred pascals. In addition, biocompatibility is desired so that the sensor can be worn by the 
user without causing adverse effects. Literature in pressure sensors often refers to the contact 
pressure exerted by force over an area, that is, 𝑃 = 𝐹/𝐴. However, the sensor reported here 
refers to the measurement of air pressure, both gauge pressure (in which the output is relative to 
atmospheric pressure) and sealed gauge pressure (in which the output is relative to a pressure set 
at fabrication time). The following sections provide the detailed fabrication procedure, the 
characterization of the pressure sensors and a discussion of their performance and advantages. 
5.2. Fabrication Process of the Pressure Sensor 
Two types of pressures can be measured with the fabricated pressure sensors, namely, gauge 
pressure (PSIG) and sealed gauge pressure (PSIS). In both cases, a pressure sensor is composed 
of two ports which receive pressure. The source port is connected to the source pressure, while 
the reference port is connected to a reference pressure. If the sensor is sealed, the reference 
pressure is the nominal pressure of the sealed chamber (PSIS) [108], which is determined at 
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fabrication time. If the sensor is vented, the chamber has an open port which receives 
atmospheric pressure and one source port which receives source pressure [109]. Diaphragm 
pressure sensors with two configurations were fabricated; specifically, the gauge pressure sensor 
(open chamber) and the sealed gauge pressure sensor (sealed chamber). 
The sealed gauge pressure sensor measures the pressure difference between the source pressure 
and the pressure inside the chamber (shown in Figure 17a). 
 
Figure 17. Schematic of the open chamber and sealed chamber configurations of pressure 
sensors: (a) in the sealed chamber configuration, the diaphragm and substrate form a sealed 
chamber, and (b) in the open chamber configuration a tube connected to the backside receives 
external pressure. 
On the other hand, the gauge pressure sensor has a port that receives the source pressure, and its 
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sealed gauge pressure sensor (sealed chamber), first, carbon nanotubes were inkjet-printed on 
PET film (Figure 18a). Then, PDMS was spin-coated on the PET film at several speeds to obtain 
diaphragms with varying degrees of thickness (Figure 18b). Previous studies have 
experimentally found that in the spin-coating procedure, as the spin speed increases, the 
thickness of the PDMS decreases [85]. The sample was then cured for one hour at 100 °C. In 
another layer of PDMS (300 µm), five millimeters (in diameter) holes were punched to define 
the chamber. This second layer was then bonded to the first layer to provide support for the 
diaphragm (Figure 18c). The bonding procedure consisted of applying corona discharge one 
centimeter away from both PDMS surfaces for one minute, then contacting both surfaces to be 
bonded and curing in an oven for one hour at 100 °C. In the following step, the PDMS was 
peeled off from the PET (Figure 18d). Since the thickness of the diaphragms in this study ranged 
from 90.8 µm to 27.1 µm, each sample was thermally treated to prevent tearing of the 
diaphragm, as described in section 3.3.6. The sample was then bonded to another block of PDMS 
that served as a structural element to form the chamber (Figure 18e), and finally, the electrical 
contacts were made with silver epoxy (Figure 18f). 
For the fabrication of the gauge pressure sensor (open chamber), a similar procedure was used. 
However, in step (e) the top structure was peeled off from PET and bonded to a thick structure of 
PDMS that contained an opening on the front side and a tube connection on the backside. The 
resulting sensor had a PDMS diaphragm facing the front side (for atmospheric pressure) and a 




Figure 18. Fabrication steps of the pressure sensor: (a) carbon nanotubes were inkjet-printed on 
the PET film; (b) a thin PDMS membrane was spin-coated to form the diaphragm; (c) a support 
PDMS was bonded to the diaphragm; (d) the patterns were peeled off from PET; (e) the patterns 
were bonded to a thick PDMS to form the chamber, and (f) electrical connections were made 
with silver epoxy. 
The fabrication procedure was optimized to fabricate reliable pressure sensors with low limit of 
detection. To achieve low limit of detection, one of the requirements was to obtain low 
diaphragm thickness. However, it was observed that if the thickness of the PDMS film was 
below 200 µm, the separation of PDMS from PET could not be performed successfully. Hence, a 
support PDMS layer was necessary to provide strength to the diaphragm during the peel off 
procedure. The support PDMS layer consisted of a film having a thickness of 300 µm and an 
opening with the desired diameter which was punched with a biopsy punching tool. 
In addition to the support layer, another optimization was necessary since simply peeling off the 
diaphragm from PET sheet resulted in tearing of the diaphragm when the thickness was below 
(a) (b) (c) 
(d) (e) (f) 
PET 
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100 µm. Hence, a thermal treatment procedure was developed to reduce tearing of the diaphragm 
and to improve the yield of the produced diaphragms. The thermal treatment procedure is 
described in details in section 3.3.6. 
One of the steps of the fabrication procedure is to bond the diaphragm to the PDMS chamber. It 
is known that corona discharge provides a reliable and permanent bond between PDMS layers 
[88]. In order to speed up the bonding after application of corona discharge, a curing procedure 
can be employed at elevated temperatures (100 °C). If the curing procedure is not employed, the 
permanent bonding takes longer (usually more than 24 hours). A curing procedure was employed 
by placing the PDMS into a pre-heated oven at 100 °C for one hour. However, it was observed 
that the diaphragm would become loose after removal from the oven. A loose diaphragm was 
detrimental to achieving a low limit of detection of the pressure sensors. Therefore, only the 
corona discharge treatment was employed for the permanent bonding of PDMS layers. 
5.3. Experimental Setup 
The experimental setup comprised a system containing the pressure sensor, a syringe, and a 
manometer. All of the components were connected through plastic (PTFE) tubing and sealed 
with silicone glue. The syringe was placed on a syringe pump (PHD 2000 from Harvard 
Apparatus, Holliston, MA). For actuation of the syringe, several actuation profiles were defined 
beforehand on the syringe pump. During measurement, the syringe pump automatically actuated 
the syringe based on the selected actuation profile. 
The increase in pressure inside of the tubing system was controlled by the amount of syringe 
actuation. The syringe moved at constant speed, which resulted in the internal volume of the 
system to increase or decrease according to the direction of movement of the syringe. The 
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diaphragm of the pressure sensor deflects whenever the internal pressure of the system changes. 
A decrease in volume inside the system caused an increase in pressure, according to Equation 3. 
Figure 19 shows the schematic of the experimental setup. 
 
Figure 19. The experimental setup for measuring resistance change of the pressure sensor. The 
pressure was applied by a moving syringe in a closed system. When the volume of the closed 
system decreased, the pressure increased. A manometer was used to calibrate the output of the 
sensor to the applied pressure. 
The manometer was employed to read the actual pressure inside of the tubing system and for 
later calibration of the resistance change to the pressure. The manometer is an instrument that 
measures the pressure difference between two ports. One port is connected to higher pressure, 
while the other port is connected to lower pressure (in this case, atmospheric pressure). The fluid 
inside the graduated scale moves according to the pressure difference between the ports. 
Although it is possible to measure pressure as low as 10 Pa, the manometer has some 
disadvantages: (1) due to the slow movement of the fluid, the manometer is not fast enough to 
detect rapid changes in pressure; and (2) it is an instrument that cannot be worn by a person since 
it is bulky and requires horizontal alignment. Nonetheless, the manometer is ideal for calibration 
of the pressure sensor at low pressure and slow pressure change. The full scale of the manometer 
was 700 Pa. In cases where the pressure applied was greater than the full scale of the manometer, 







pressure generated by a change in the volume of the system. The ideal gas law relates the 
pressure and volume of a gas in a closed system: 
𝑃𝑉 = 𝑛𝑅𝑇 (1) 
where 𝑃 is pressure, 𝑉 is volume, 𝑛 is the number of moles of gas in the system, 𝑅 is the 
universal gas constant, and 𝑇 is temperature. 
The system does not gain or lose molecules (𝑛 stays constant) throughout the experiment, and 
the temperature of the system does not change (𝑇 stays constant). Boyle’s law of gases states that 
in a closed system, the pressure increases when the volume decreases through the following 
relation: 
𝑃𝑖𝑉𝑖 = 𝑛𝑅𝑇 = 𝑃𝑓𝑉𝑓 (2) 
where 𝑖 indicates initial and 𝑓 indicates final. If 𝑛𝑅𝑇 is kept constant, the final pressure will be 





The pressure difference ∆𝑃 is defined as the final pressure minus the initial pressure (∆𝑃 is 
positive if the pressure increases): 
∆𝑃 = 𝑃𝑓 − 𝑃𝑖 (4) 
The resistance was measured with a Keithley DMM 2110 multimeter. The reported percent 
resistance change was calculated from the difference in resistance ∆𝑅, where ∆𝑅 = 𝑅 − 𝑅0 
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(resistance minus the initial resistance): 
𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 = ∆𝑅/𝑅0 (5) 
 
5.4. Working Mechanism of the Pressure Sensor Response 
The pressure sensor can be described by two chambers which are separated by a diaphragm. If 
the pressure on the top chamber is higher than that on the bottom chamber, the diaphragm will 
deflect toward the bottom. The diaphragm is composed of a PDMS film which contains a 
patterned line of carbon nanotubes on its surface, so that when the diaphragm deflects, the length 
of the carbon nanotube line increases. The increase in length changes the resistance of the carbon 
nanotube line. The relative change in length of a material can be represented by the strain 𝜀, 
which is defined as: 
𝜀 = ∆𝐿/𝐿0 (6) 
where ∆𝐿 is the change in length of the material and 𝐿0 is the initial length. 
5.5. Characterization of the Pressure Sensor 
Pressure sensors were successfully fabricated and characterized in the low-pressure range from 
approximately 10 to 600 Pa, obtaining high sensitivity and low limit of detection. The use of the 
inkjet printer allowed direct deposition and patterning of carbon nanotubes onto the substrate 
film, with the subsequent transfer to PDMS. The pressure sensor is composed of a PDMS 
diaphragm that deflects when the gas pressure is higher on one side. The deflection generates a 
strain on the carbon nanotube line that is patterned in the center of the diaphragm. The pressure 
difference was calculated by measuring the resistance change due to the strain on the carbon 
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nanotube line. In the following subsections, several performance characteristics of the pressure 
sensor are analyzed and discussed. 
5.5.1. Diaphragm Thickness 
Several aspects of the pressure sensor affect its response to a pressure change. Among them, the 
thickness of the diaphragm directly affects the amount of deflection due to an applied pressure. A 
thicker diaphragm offers more resistance to deflection. Hence, it is expected that a lower 
diaphragm thickness will produce a larger deflection, which translates to a higher sensitivity of 
the pressure sensor. Figure 20 shows the resistance change due to pressure changes for different 
diaphragm thicknesses. 
 
Figure 20. Response of the pressure sensor to different diaphragm thicknesses. All of the sensors 
had a diaphragm diameter of 5 mm, while the thicknesses studied ranged from 27.1 to 90.8 µm. 
Each data point represents the resistance change at a particular pressure applied to the sensor 
from the graph of Figure 21. The diaphragms with thicknesses of 67 and 90.8 µm did not show 
any resistance change when pressures below 100 Pa were applied. From this graph it is observed 
that lower diaphragm thickness generates a higher sensitivity. 
Four pressure sensors were fabricated following the procedure described in section 5.2. Each 
diaphragm was formed by spinning the PDMS at a different speed, while the other conditions 
62 
 
were kept equal. The thickness of the diaphragm depended on the spinning speed of the spin 
coating procedure. The speeds were 500, 700, 1000, and 1500 rpm, generating diaphragm 
thicknesses of 90.8, 67.0, 45.5, and 27.1 µm, respectively. In the range of thicknesses studied, 
increasing thickness corresponded to a lower resistance change for the same applied pressure. 
This result indicates that a lower diaphragm thickness is desirable to obtain a higher sensitivity 
of the pressure sensor. However, as described in chapter 3, the addition of a support PDMS layer 
and the application of a thermal treatment were both necessary for successfully peeling off the 
diaphragm, enabling diaphragms with thicknesses as low as 27.1 µm, which greatly enhanced the 
sensitivity of the pressure sensors. Table 4 summarizes the performance of the pressure sensors 
for the thicknesses studied. 
Table 4. Summary of the thickness characterization of the pressure sensors. 
Spin speed [rpm] Thickness [µm] Sensitivity [%/kPa] Limit of detection [Pa] 
500 90.8 3.66 5.5 
700 67.0 7.28 3.1 
1000 45.5 7.90 3.3 
1500 27.1 10.99 3.1 
 
5.5.2. Sensitivity 
The sensitivity was analyzed for the previously fabricated pressure sensors. In each pressure 
sensor, an increasing pressure was applied to the sensor through actuation of the syringe. The 
pressure started at zero Pa, increased to 100 Pa, then decreased to zero Pa, followed by a thirty-
seconds wait time. The next pressure was 200 Pa, and subsequently increasing until 600 Pa, as 
shown in Figure 21. A video recorder was used to record the actual pressure reading from the 
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manometer. That is because the pressure was applied through the movement of the syringe and 
the actual pressure could be different than the nominal pressure. For example, if the nominal 
pressure is 100 Pa, the actual pressure might be 102 Pa. 
 
Figure 21. Sensitivity of pressure sensors for different diaphragm thicknesses: (a) sensitivity for 
diaphragm thickness of 90.8 µm was 3.66 %/kPa; (b) sensitivity for diaphragm thickness of 67.0 
µm was 7.28 %/kPa; (c) sensitivity for diaphragm thickness of 45.5 µm was 7.90 %/kPa, and (d) 
sensitivity for diaphragm thickness of 27.1 µm was 10.99 %/kPa. All diaphragm diameters were 
5 mm, while the thickness of the diaphragms varied. From the characterization of all the 
thicknesses, it was found that the sensitivity increases as the thickness decreases. In the range of 
thicknesses studied, the highest sensitivity was found to be for the thickness of 27.1 µm. 
The resistance of the pressure sensor was measured with a Keithley 2110 multimeter and the 
peak value of the resistance at each pressure was recorded as the final resistance. The value 







change was then calculated as the final resistance minus the initial resistance, while the percent 
resistance change was calculated by dividing the resistance change by the initial resistance, 
according to Equation 5. For the sensitivity calculation, the slope of the calibration curve was 
obtained, and specified in %/kPa (percentage change in resistance per kilopascal). 
5.5.3. Limit of Detection 
The limit of detection is an important parameter that determines the minimum detectable 
pressure of the pressure sensors. The limit of detection was analyzed for the pressure sensors 
comprising different thicknesses. The setup shown in Figure 19 was used for the measurement of 
the minimum pressure. The manometer was connected between the syringe and the pressure 
sensor. For the repeated application of static pressure, the syringe moved by a fixed amount, 
raising the pressure to the specified value (shown on the manometer), then returning to the initial 
position. The pressure for the limit of detection was chosen based on the minimum detectable 
resistance change that was observed in the sensitivity plot of each sensor. For example, for the 
diaphragm with thickness of 90.8 µm, the chosen pressure was 100 Pa, which was the minimum 
pressure at which the change in resistance was discernible from noise, as seen in the sensitivity 
plot of Figure 21a. The applied pressure for the other thicknesses followed a similar reasoning. It 
is important to note that the diaphragm with the lowest thickness (27.1 µm) presented a 
discernible change in resistance when the pressure was only 10 Pa. As the thickness decreased, 
the pressure sensors presented a lower (improved) limit of detection. The graphs in Figure 22 
demonstrate that the sensor can be applied in the detection of minute air pressure changes for a 




Figure 22. Limit of detection of pressure sensors with different diaphragm thicknesses. The limit 
of detection was 5.5, 3.1, 3.3, and 3.1 Pa for pressure sensors with thicknesses of 90.8, 67.0, 
45.5, and 27.1 µm, respectively. 
The limit of detection was calculated by following the steps given in [110]: first, pressure at or 
close to the expected limit of detection was applied to each sensor, then the average and the 
sample standard deviation 𝑠𝑦 of eight samples were taken. Secondly, increasing pressures were 
applied to each sensor to obtain the calibration curve. With the data, the slope of the calibration 
curve 𝑟 was obtained. The value of the student’s t-function was used as 𝑡 = 3. The limit of 




The spikes in the change in resistance observed in the graphs of Figure 22 were caused by the 
manometer. Briefly, when the pressure changes and the fluid inside of the manometer moves, the 
fluid acquires a momentum. When the pressure suddenly stops increasing, the fluids keeps 
moving and the pressure inside the system suddenly decreases, thus generating the spike. This 





When the manometer was disconnected, the spike did not happen. 
The low limit of detection was achieved by reducing the noise level (by establishing stable 
electrical connections), and reducing the diaphragm thickness. The noise level directly affects the 
limit of detection, since the noise level is directly correlated to the sample standard deviation of 
the resistance readings. In addition to establishing stable electrical connections through silver 
epoxy, the copper wires were affixed to the measuring platform with tape so that minimal 
movement occurred during measurement. It has been observed that any wire movement caused 
noise in the measurement of the resistance. Lastly, the diaphragm thickness was reduced to allow 
a higher change in resistance at low pressures. 
The implications of a low limit of detection are the possibility of using the sensor in applications 
where the pressure change is minimal, for example, in respiration monitoring. In addition, a 
signal with a higher quality is produced, since the signal contains less noise. 
5.5.4. Pressure Speed 
The response of the sensor was analyzed with respect to varying speeds in which the pressure 
changed. The pressure speed was defined as change in pressure per unit time (Pa/s). Figure 23 
shows the resistance change due to pressure applied at different speeds. The graph shows that the 
amount of change in resistance does not significantly change for different speeds. In this 
experiment, the syringe moved at speeds of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 ml/min. The pressure 
was not directly measured, since the manometer was disconnected. Instead, the pressure was 
calculated based on the amount of resistance change and the calibration plot. The difference 
between maximum and minimum response is 0.12%, which corresponds to a pressure well below 




Figure 23. Characterization of the response of the sensor to different pressure speeds. The 
response did not significantly change when different speeds were applied. The difference in 
response was 0.12%, which is less than 10 Pa. The movement of the syringe was controlled to 
apply pressure at different speeds. The total pressure in each case was 250 Pa, and the pressure 
speed was calculated based on the total pressure and the time taken to reach the total pressure. 
5.5.5. Repeatability 
The repeatability of a single sensor was analyzed. The repeatability is reported in terms of the 
average of the error and the standard deviation of the error. The error is the difference between 
each measurement and the average of five measurements. Average of error is the average of five 
errors, while the standard deviation of the error is the sample standard deviation of five errors. 
The repeatability is usually reported in terms of full scale output, so in this case the full scale of 
the pressure sensor is 600 Pa. In this experiment, the pressure applied was 600 Pa (full scale) 
with a waiting time of five minutes between each pressure application. The data presented in 
Figure 24 was used to calculate the repeatability measures. The average change in resistance was 
4.18% per 600 Pa of applied pressure, while the average of the error was 0.010% and the 




Figure 24. Repeatability of a single sensor. The average change in resistance was 4.18% per 600 
Pa of applied pressure, while the average of the error was 0.010% and the standard deviation of 
the error was 0.009%. 
5.5.6. Recovery Time 
The recovery time of the pressure sensor was analyzed with respect to different maximum 
pressures applied. Figure 25 shows the recovery time for several pressures. In this experiment, a 
certain pressure was applied to the sensor in one second. Then, the pressure of the system was 
released while recording the resistance change of the pressure sensor. In all cases, the syringe 
was used to apply pressure to the system in one second. Different final pressures were obtained 
by moving the syringe at different speeds. The pressure applied at the end of one second were 
10, 20, 40, 90, and 300 Pa. It is noted that the lowest recovery time occurs when the pressure is 
10 Pa. When the applied pressure increases, so does the recovery time. For example, in the case 
of 90 Pa, the recovery time to reach 95% of the initial value is only 2.1 seconds. Figure 25 shows 




Figure 25. Recovery time of the pressure sensor for varying maximum pressure. When the 
applied pressure increases, so does the recovery time. In the case of 90 Pa, the recovery time to 
reach 95% of the initial value is only 2.1 seconds. 
5.6. Discussion and Conclusions 
The carbon nanotube line that crosses the PDMS diaphragm presents the behavior of resistance 
change when a strain is applied. When the PDMS membrane bulges outward due to deflection, 
the carbon nanotube pattern experiences a strain. However, the maximum strain will occur at the 
center of the diaphragm. If carbon nanotubes are patterned close to the edges, their strain will be 
much less at those places, and therefore, they do not contribute significantly to the overall 
resistance change. Because of this behavior, the line of carbon nanotubes crossing the center of 
the diaphragm provides an optimal resistance change. 
It has been reported in the literature a range of structures that impart touch sensitivity to the 
pressure sensors. However, those structures are suboptimal because the thickness of the PDMS is 
always greater than the minimum obtainable, providing considerable rigidity. Thus the 
sensitivity obtained is in the range of a few percent change in resistance per kPa. The sensor 
structure based on diaphragm presents the minimum thickness achievable to the PDMS, offering 
higher sensitivity, namely a few percent change in resistance per Pa (compared to kPa). This 
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sensitivity is a few orders of magnitude higher than those found in the literature. 
Such low thickness of the diaphragm may raise the concern that air leakage could happen 
through the diaphragm. However, for the low pressure range of the order of tens of pascals, such 
low pressure is not enough to generate a significant leakage. In fact, an experiment was 
performed to measure any pressure drop due to leakage. The pressure sensor was connected to 
the manometer and the syringe through a plastic tubing, and the syringe was actuated so that the 
pressure measured by the manometer kept stable at two hundred pascals. During the experiment, 
which lasted for one hour, no pressure drop was observed on the manometer reading, indicating 
that the pressure sensor did not present any observable leakage in the period of one hour. 
It should be mentioned that pressure sensors based on silicon diaphragms have achieved similar 
sensitivity to the one presented here [111]. However, limit of detection has not been reported in 
the literature for silicon-based pressure sensors [112]. Although silicon-based pressure sensors 
have their merits, the pressure sensors fabricated in this work do not require complex fabrication 
processes and make use of a class of polymer-based nanocomposite that may be employed in 
biocompatible sensors. 
The extremely low limit of detection reported here has not been found in the literature for any 
other polymer-based pressure sensor [113]. Several factors have been taken into account during 
fabrication to allow such a low limit of detection. Among them, the reduction in diaphragm 
thickness was achieved by bonding a support PDMS layer to the diaphragm. Also, a thermal 
treatment was applied during the peeling off procedure, which allowed PDMS diaphragms with 
thicknesses down to 27.1 µm to be reliably peeled off. Further, a reduction in the noise level of 
the resistance was achieved by establishing stable electrical contacts between the carbon 
nanotubes and copper wires through silver epoxy.  
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CHAPTER 6. PRESSURE SENSOR APPLICATIONS 
6.1. Pressure Generated by the Breathing Pattern 
In the respiratory tract, airflow is driven by a pressure gradient [114]. During inhalation, negative 
pressure from the intrathoracic region is transmitted to the upper airway [115]. In other words, 
air flows into the lungs due to pressure differences between the alveolar pressure and ambient 
pressure. If the pressure inside the lungs is lower than that of the ambient, air flows in to fill the 
space (the reverse is also true). Therefore, it is conceivable that a pressure sensor sensitive 
enough will be able to detect those transient pressure differences. By recording and analyzing the 
pressure changes, it is possible to measure the respiratory rate as well as to detect abnormal 
breathing patterns. Several respiratory disorders can be identified with the detection of abnormal 
breathing patterns [116], including obstructive sleep apnea and pneumonia. In obstructive sleep 
apnea, the cyclic breathing pattern is disrupted by the cessation of airflow. Detection of those 
instances allows the identification and assessment of obstructive sleep apnea. For pneumonia, the 
respiratory rate of the patient is one of the measures used to identify the pneumonia severity 
index (PSI). 
The pressure sensor with a closed chamber, as described in Figure 17a has many applications in 
healthcare, particularly in breathing monitoring. Some of the examples are respiration rate 
monitoring, breathing monitoring for pediatric care, and detection of sleep apnea events. The 
benefits of such a sensor include its biocompatibility and small form factor. The sensor proposed 
here is, therefore, well suited to measure the changes in pressure caused by breathing and, thus, 




6.2. Obstructive Sleep Apnea 
Obstructive sleep apnea is a condition that affects millions of people worldwide. It is a disorder 
that prevents normal breathing due to repeated obstruction of the airway. Specifically, the 
muscles of the mouth relax during sleep, thus blocking the airways. Sleep apnea events can be 
detected because the person stops breathing; that is, there is a halt on the breathing pattern. 
Polysomnogram is the gold standard for the diagnosis of sleep apnea, but it is largely 
inconvenient. It requires that the person stays at the hospital overnight for measurement and 
recording of a variety of signals. In addition, real-time monitoring and detection of sleep apnea 
events by indirect measurements such as ECG are not satisfactory. Therefore, a simple approach 
that provides equivalent information will be beneficial for the identification and monitoring of 
obstructive sleep apnea events. 
To detect air pressure changes when respiration stops, the sensor is placed inside the mouth, so 
that it measures the rhythmic pressure changes generated by normal respiration. When the upper 
airway relaxes, the airflow is blocked, and the pressure inside the mouth presents an erratic 
behavior (not changing for an extended period). By analyzing the pressure signal, the detection 
of when the person stops breathing becomes possible. 
The sleep apnea pressure sensor provides a means of directly measuring pressure changes in the 
upper airway, and deviations from the cyclic breathing pattern can be detected for real-time 
monitoring. This type of sleep apnea assessment is more convenient for the patient to wear than 





6.2.1. Development of an Upper Airway Model 
An upper airway model was developed to test the effectiveness of the pressure sensor in 
detecting pressure changes generated by breathing patterns. It is comprised of a 3D-printed 
structure containing a mouth, nose, and trachea (Figure 26a). A mechanical air pump generates 
the flow of air in a similar pattern to the flow found in an average person. Adults at rest have a 
respiration rate of about 20 breaths per minute, which means 20 inhalations and 20 exhalations 
within one minute. Hence, one inhalation lasts about 1.5 s, and one exhalation lasts another 1.5 s, 
resulting in the duration of one breathing cycle to be 3 s. In addition, the tidal volume of the 
lungs, that is, the volume of air exchanged in each breathing cycle is about 500 ml in adults. 
Therefore, a device that generates airflow was developed, capable of displacing 500 ml in 1.5 s 
to simulate both inhalations and exhalations. The 3D-printed model contained structures that 
follow the dimensions provided in the literature for average male adults. Specifically, the cross-
sectional area of the trachea was found to be 194 mm2 in women and 272 mm2 in men [117] 
while the length was 100 mm [118]. Those values indicate that the diameter ranges between 15.7 
mm and 18.6 mm. The nasal cavity dimensions are comprised of wedge-shaped spaces of 
approximately 50 mm in height and 50 mm in length. The cross-section of the nostrils is 5 mm x 
10 mm, while the palatal height and width are 7.5 mm and 18.5 mm, respectively [119]. The 3D 
model contained an opening in the lower structure, which allowed the pressure sensor to be 
inserted into the 3D model, with the diaphragm facing the side from which air flows (Figure 




Figure 26. 3D-printed upper airway model: (a) picture of the complete 3D model. The model 
follows the dimensions of a person’s upper airway system. It allows the sensor to be placed 
inside the mouth for testing breathing conditions; (b) pictures showing the placement of the 
sensor, and (c) schematic of airflow mechanism. The diameter of the diaphragm was five 
millimeters, and the thickness was twenty-seven micrometers. 
The gauge pressure sensor (open chamber configuration) would not work to detect transient 
pressures such as those generated by breathing patterns since it requires a pressure source that is 
attached to the pressure port. For that reason, it is desirable to fabricate sealed gauge pressure 
sensors (closed chamber configuration). In this configuration, the sealed chamber contains a 
fixed pressure and volume, which are known at fabrication time. When pressure outside changes, 
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6.2.2. Measurement of Pressure Changes Generated by Air Flow 
In order to provide a characterization of the pressure sensor for potential use in human subjects, a 
mouth model was developed, which closely mimics the dimensions of an average person’s upper 
airway system. The mouth model provides a flow of air, which decreases the pressure inside the 
model during airflow. By demonstrating that the sensor detects such low-pressure transients, it 
was possible to obtain pressure change information from the mouth model, which can be used to 
tune the parameters of the sensor for replication of the results in human subjects. Figure 27 
shows the diagram of the airflow in the 3D model. 
 
Figure 27. Schematic of airflow in the 3D model. 
Referring to Figure 27, the pressure drop generated by fluid flow in a constriction can be 









2 + 𝜌𝑔ℎ2 (7) 
where 𝑃 is pressure (Pa), 𝜌 is volumetric density (kg/m3), 𝑣 is the velocity (m/s) along a 
streamline, ℎ is the height (m), and 𝑔 is the acceleration due to gravity (m/s2). The numbers 1 
and 2 indicate points along the same streamline. The formula assumes that the flow is steady and 























where 𝑉 is the volume (m3), 𝑡 is time (s), and 𝑄 is the volumetric flow rate (m3/s). 





where 𝑣 is air velocity (m/s), 𝑄 is the volumetric flow rate (m3/s), and 𝐴 is cross-sectional area 
(m2). 
In the experiment using the 3D model, in each stroke of the airflow mechanism, 500 ml (5*10-4 
m3) of air were displaced in 1 s, which gives an airflow rate 𝑄 of 5*10-4 m3/s. The measured 
cross-sectional areas of point 1 and point 2 were 0.0095 m2 and 0.003 m2, respectively. From 
Equation 10, the air velocity 𝑣1 is 0.053 m/s and 𝑣2 is 1.67 m/s. The pressure difference Δ𝑃 is 
found by plugging in the values into Equation 8, giving Δ𝑃 as -1.7 Pa. This value represents a 
decrease in pressure at point 2 when there is airflow. 
Figure 28 shows the resistance measurement of such a sensor when placed inside of the 3D 
mouth model. The simulated breathing cycles were generated by a mechanical ventilator that 
displaced 500 ml of air per cycle every ten seconds, then every five seconds. The diameter of the 
diaphragm was five millimeters, and the thickness of the diaphragm was twenty micrometers. 
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The diaphragm was obtained by spin-coating PDMS at the speed of 2200 rpm for 90 s. Figure 28 
indicates that the sensor can detect the subtle pressure changes caused by airflow through the 3D 
mouth model. 
 
Figure 28. Resistance measurement corresponding to pressure changes generated by simulated 
breathing. The pressure sensor was positioned inside the 3D mouth model while the mechanical 
ventilation system provided airflow that simulated breathing cycles. The diameter of the 
diaphragm was five millimeters, and the thickness of the diaphragm was twenty micrometers. 
6.3. Summary 
In this chapter, pressure sensors capable of detecting minute air pressure changes were 
demonstrated as an application of the developed pressure sensor. The target application of the 
pressure sensor was the detection of sleep apnea events. In normal respiration, the cyclic 
breathing pattern causes pressure changes which are detected by the pressure sensor. When a 
sleep apnea event occurs, the missing air pressure changes provide information that the person 
has stopped breathing. 
A 3D model was built to simulate the airflow passing through the human upper airway system. 































by a device that simulated the breathing of an average person. The pressure sensor was located 
inside of the 3D mouth model to acquire the cyclic breathing information. It was shown in the 




CHAPTER 7. CONCLUSIONS AND FUTURE WORK 
This chapter is devoted to conclude this work and to provide suggestions for future work. 
7.1. Conclusions 
7.1.1. Novel Transfer Printing Method for Patterning CNTs onto PDMS 
Patterning of carbon nanotubes onto PDMS has been a challenge for the development of carbon 
nanotube/polymer composites. As a patterning method, inkjet printing is widely used to deposit 
inks of carbon nanomaterials onto different substrates. However, directly printing carbon 
nanotubes onto PDMS has been challenging mainly due to the coffee ring effect, which produces 
irregular patterns. In this dissertation, therefore, an alternative method was developed in which 
carbon nanotubes were first inkjet-printed onto PET film, then transferred to PDMS through 
transfer printing. 
Although some organic solvents can help to disperse carbon nanotubes, aqueous inks are 
preferred since organic solvents might be toxic. In the ink formulation procedure, a comparison 
was performed between water and acetone solvents. It was found that a mixture of deionized 
water and sodium dodecyl sulfate (SDS) successfully disperses CNTs, whereas acetone does not 
disperse CNTs, even with the addition of SDS. 
In the optimization of the transfer printing, the thermal treatment of the PET substrate played an 
important role in improving the transfer of CNTs to PDMS. At elevated temperatures, the PET 
becomes viscous, allowing the CNT/PDMS nanocomposite to be peeled off from PET with 
improved sheet resistance and higher yield. 
With the method of transfer printing, uniformly deposited CNTs on PDMS were obtained, and 
two-dimensional force sensors were fabricated. The force sensors were composed of two layers 
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of resistive sensing elements. When a force is applied perpendicularly to the film, the 
corresponding resistance increases, indicating the magnitude of the force as well as its position. 
7.1.2. Development of Inkjet Printer for Deposition of Nanomaterials 
Although inkjet printers are widely available at low cost, there is a limit on the achievable spatial 
resolution. Since multiple prints are required, and each print may add misalignment, the result is 
the lowering of spatial resolution. On the other hand, research-grade inkjet printers have a single 
or few nozzles with control of each droplet’s position. However, those inkjet printers are 
expensive. Therefore, a custom inkjet printer was built that is low cost and provides high spatial 
resolution to the printed droplets. Characterization of the custom printer revealed that the 
minimum spacing between droplets was 18 µm, in which the limiting factor was the step of the 
motor. Finally, the minimum feature size of the printed pattern was determined by the diameter 
of a single printed droplet, which was measured as 120 µm. 
7.1.3. Fabrication of Highly Sensitive Pressure Sensor 
Using the transfer printing method developed in this work, highly sensitive pressure sensors were 
fabricated. The sensors operated in the low-pressure range (range from 10 Pa to 600 Pa), while 
the limit of detection was 3.1 Pa. In addition, it was shown that the sensitivity of the pressure 
sensor increased when the thickness of the diaphragm decreased. By changing the device 
parameters, the pressure sensor was optimized and achieved a better performance than polymer-
based pressure sensors found in the literature, with the advantage of having a simple and low-
cost fabrication. Moreover, the sensors can be employed in a variety of applications, such as 
monitoring of vital signals. As a demonstration of the measurement of pressure changes in the 
low-pressure range, the pressure sensor was placed inside a 3D-printed mouth model that was 
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fabricated to simulate the breathing of an average person. Upon simulated airflow, the sensor 
detected minute pressure changes, thus confirming its ability to detect sleep apnea events. 
7.2. Future Work 
For future work, this research can be expanded and applied to other fields, which are described in 
the subsections below. 
7.2.1. Integration of the Pressure Sensor in a Mouthpiece 
To take advantage of the pressure sensor developed in this work in a clinical application, it is 
necessary a complete biomedical system that provides the auxiliary functions of energy storage, 
signal conditioning, and signal transmission. Those functions can be performed by a battery, 
microcontroller, and wireless transmission unit, respectively. Due to the extremely small size of 
electronic components, it is possible to condense all the required functions in a small form-factor 
printed circuit board that can be inserted into a mouthpiece. In addition to developing the 
auxiliary components, future work needs to reduce the size of the pressure sensor. Currently, the 
dimensions of the developed pressure sensor are 9 mm x 8 mm x 7 mm (length x width x height), 
which may prove difficult for seamless operation inside the mouthpiece. In addition, a sensing 
device in which the pressure sensor is part of a multiple-sensor system that includes pressure, 
temperature, and electrochemical sensors, would be beneficial for the systematic detection of 
other clinical conditions.  
7.2.2. Multiple Sensor Array for Pressure Distribution Measurement 
Tactile pressure sensors are increasingly being developed to measure the contact force applied to 
an area. In an extension of that concept, the single air pressure sensors described here can be 
manufactured on a common flexible and stretchable substrate to form an array of multiple 
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pressure sensors. The consequent information from such a device is the pressure distribution of 
air on a surface. For instance, wind flowing around objects with complex geometry may be 
diverted, such that the air pressure distribution on the object’s surface varies. In this modality of 
pressure measurement, the pressure being measured is the kinetic pressure which is due to air 
moving with a certain velocity. Depending on the velocity that the air hits the surface, more or 
less pressure is applied to that particular area. Therefore, a two-dimensional array of pressure 
sensors could identify the pressure distribution created by a particular airflow. 
7.2.3. Optimization of Pressure Sensor Fabrication 
In this work, efforts were focused on the development of a transfer printing process for carbon 
nanotubes (CNTs), with the aim to form a conductive film of CNTs on a flexible and stretchable 
polymer. Also, the applications of the conductive film were demonstrated through the fabrication 
and characterization of pressure sensors. Although the pressure sensors showed exceptional 
repeatability, the reproducibility among sensors needs to be improved. Several steps of the 
fabrication process are prone to small differences which affect the uniformity among the sensors 
and thus the reproducibility measure. For example, the application of the thermal treatment 
during the peeling off procedure currently relies on the manual adjustment of the distance 
between the hot air gun and the film, along with the time in which hot air is applied at each area  
of the film. Also, the actual temperature reached at the interface between PDMS and PET is 
currently not controllable, since only the nominal temperature of the hot air is controlled. 
Although the thermal treatment reduced the variability of the resistance and improved the yield 
of the peeled off diaphragms, controlling these parameters (distance, time, and temperature) 




7.2.4. Extended Characterization of Pressure Sensor Parameters 
For a pressure sensor that is composed simply of a diaphragm connecting two open chambers, 
such as the one characterized in Chapter 5, only the diaphragm offers a resistance to deflection. 
On the other hand, for a pressure sensor that is composed of a diaphragm and a sealed chamber, 
both the diaphragm and the compression of the air offer a resistance to deflection. Therefore, it is 
expected that a diaphragm assembled on a sealed chamber will show a lower sensitivity to 
pressure change, compared to a diaphragm assembled on an open (vented) chamber. Further 
studies on the quantitative effect of a sealed chamber should be performed to fully characterize 
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